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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.
Field Particle
Theory Physics
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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

The LNM Institute of Information Technology



LNMIIT ©

The LNM Institute of
Information Technology

Dark Energy: An invention driven by necessity (astronomical
observations)

PHYSICAL REVIEW D VOLUME 52, NUMBER 12 15 DECEMBER 1995

Small nonvanishing cosmological constant from vacuum energy:
Physically and observationally desirable

Anupam Singh
Physics Department, Carnegie Mellon University, Pittsburgh, Pennsylvania 15213
(Received 2 December 1994)

Increasing improvements in the independent determinations of the Hubble constant and the age
of the universe now seem to indicate that we need a small nonvanishing cosmological constant to
make the two independent observations consistent with each other. The cosmological constant can
be physically interpreted as due to the vacuum energy of quantized fields. To make the cosmological
observations consistent with each other we would need a vacuum energy density p, ~ (107> eV)*
today (in the cosmological units i = ¢ = k = 1). It is argued in this paper that such a vacuum
energy density is natural in the context of phase transitions linked to massive neutrinos. In fact, the
neutrino masses required to provide the right vacuum energy scale to remove the age versus Hubble
constant discrepancy are consistent with those required to solve the solar neutrino problem by the
MSW mechanism.
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Introduction

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

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

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

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

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

m 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]
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The Implications

m Einstein’s Equations can be solved for
Cosmological Space Time to obtain the following
relationship:
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Where T, is the age of the Universe, H, is

the Hubble Constant and (2,.. is the Vacuum
Energy Density of the Universe.
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The Vacuum Energy Density

m 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 that

ﬂﬂuc ~ UT

m |In Units of eV the Vacuum Energy Density is then
given by g, ~ (107%17)?
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Physical Origin of Vacuum Energy
m The Energy Density of quantum fields
propagating in curved space time can be

re-interpreted as the cosmological
constant (vacuum energy).

m [o compute its value one has to calculate
the Effective Potential from first principles.
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The Effective Potential

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

m This Effective Potential calculated by us is able
to explain the modern 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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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]

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
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Implications: Collapse of Dark Energy Field Configurations
and formation of Super Massive Black Holes (SMBHSs).

ISSN 1063-7761, Journal of Experimental and Theoretical Physics, 2016, Vol. 123, No. 5, pp. 827— 831, © Pletades Publishing, Inc., 2016,

NUCLEIL PARTICLES, FIELDS,
GRAVITATION, AND ASTROPHYSICS

Gravitational Collapse of Dark Energy Field Configurations
and Supermassive Black Hole Formation!

V. Jhalani, H. Kharkwal, and A. Singh*
Physics Department, L. N. Mittal Institute of Information Technology, Jaipur, Rajasthan, 302031 India
*e-mail: anupamsingh.iitk @gmail.com
Received June 30, 2016

Abstract— Dark energy is the dominant component of the total energy density of our Universe. The primary
interaction of dark energy with the rest of the Universe is gravitational. It is therefore important to understand
the gravitational dynamics of dark energy. Since dark energy is a low-energy phenomenon from the perspec-
tive of particle physics and field theory, a fundamental approach based on fields in curved space should be
sufficient to understand the current dynamics of dark energy. Here. we take a field theory approach to dark
energy. We discuss the evolution equations for a generic dark energy field in curved space-time and then dis-
cuss the gravitational collapse for dark energy field configurations. We describe the 3 + 1 BSSN formalism to
study the gravitational collapse of fields for any general potential for the fields and apply this formalism to
models of dark energy motivated by particle physics considerations. We solve the resulting equations for the
time evolution of field configurations and the dynamics of space-time. Our results show that gravitational col-
lapse of dark energy field configurations occurs and must be considered in any complete picture of our Uni-
verse. We also demonstrate the black hole formation as a result of the gravitational collapse of the dark energy
field configurations. The black holes produced by the collapse of dark energy fields are in the supermassive
black hole category with the masses of these black holes being comparable to the masses of black holes at the
centers of galaxies.
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Introduction & Motivation

m Need to understand the dynamics of the Dark
Energy fields

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

m 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.
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Introduction & Motivation

m 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.

m [hese equations can be solved
numerically and this has been done by us.

m Our results demonstrate the gravitational
collapse of Dark Energy field
configurations.
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Evolution Equations

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

= 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:

ds® = dt* — U(r,t)dr — V(r,t) [:m” + sin” mr‘r-ﬁ]
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Evolution Equations

metric, is of course a generalization of the nsual FRW metric used to study cosmological
space-times, Note that the functions U(r, t) and V(r, 1) are functions of both space and
time and can capture both homogeneous cosmological expansion as well as inhomoge-
neous gravitational collapse under appropriate circnmstances,

We of course also want to study the time evolution of the field for
which we need the Lagrangian for the field.

Lagrangion L given by
| "
l_ - -'"""",.'l' — ‘|dxt'

where Vois the potential for the fickd & and is for now a general function. Later, when
we consider the phivsically motivated PNGEB models this potential will take on o specific

functional form
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Evolution Equations
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where a dat represcints a |_:q.'|.:'1]'.=|_|_ derivative w.r.t. ¢ and a prime represents a partial

derivatkbve w.r.t. v Further,

l .., () *
= 597+ V(@) + L-.a.' : (6)
anad
P _'| Vid) 4 f“' (7
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Evolution Equations

The alove equations are troe for any geseral potential V). Omne can of course write
diwn the corresponding equations for PANGH Belds. The simplest potential one can write

down for the physically motivated PNGE Belds [6] can be written in the [orm:

- b
i I.II: = .'|.'I k- s — | ]
- = ; (&)

*The above potential can thus be substituted in the general equations
given on the previous slide to get the full system of evelution equations.

*Thaese are coupled Partial Differential Equations which can be solved
numerically to obtain the results of interast to us.
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Solutions to the Evolution
Equations

m 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
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.
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Solution to the Evolution Equations

Guided by the evolution equations given in the previous section we define dimen

sionless quantitites such that the fleld is measured in units of f and time and space are

. ¢
measured in units of — Fruts of the e trre
!.
4
s
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Solution to the Evolution Equations

Sobgion @ the fral e
] §

Iy : T 15 m
[msance x

Gravitational Collapse of Field Configuration has occurred.,
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Solution to the Evolution Equation
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Time Evolution of the Energy Density
and the Masses of Collapsed Objects

The Energy Density is given by:

()2
20

l -4
p= 3*1" + V(b)) +

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

Ernprgy Deprridly o Mo ol i Eraegy Demainy 0 e firasl fsra

Energy Density moves radially inwards as collapse occurs.
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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 g2 5
Mpy =——"—x%x2.5x10°M

solar

where R isthe physical size of the initial configuration
that collapses.

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

Finally, we wish to emphasize the important results
discussed and reported in this article.

|—The dynamical length scale f/m? of the dark
energy field was shown to be comparable to the galaxy
length scale.

2—Dark energy fields collapse on a timescale of

2 x 10° years, which is much shorter than the age of
the Universe and hence this dynamics cannot be
neglected.

3—The collapse of dark energy fields results in
black hole formation.

4—We computed the masses of these black holes
and determined that these are supermassive black
holes with masses comparable to the masses of the
black holes at the centers of galaxies.
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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[JETPZ2]
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

ISSN 1063-7761, Joumal of Fxperimenial and Theoretical Physics, 2017, Vol. 125, No. 4, pp. 638—643. © Plefades Publishing, Inc., 20017.
Ohriginal Russtan Text © V. Jhalani, A. Mishra, A. Singh, 20017, published in Zhurnal Eksperimental’noi | Teoreticheskol Fiziki, 2017, Val. 152, No. 4, pp. 752758,

NUCLEIL PARTICLES, FIELDS,
GRAVITATION, AND ASTROPHYSICS

Gravitational Wave Formation from the Collapse
of Dark Energy Field Configurations

V. Jhalani, A. Mishra, and A. Singh*

Physics Department, L.N. Mittal Institute of Information Technologies, Jaipur, Rajasthan, 302031 India
*e-mail: anupamsingh.iitk @gmail.com
Received April 12, 2017

Abstract— Dark energy is the dominant component of the energy density in the Universe. In a previous paper,
we have shown that the collapse of dark energy fields leads to the formation of supermassive black holes with
masses comparable to the masses of black holes at the centers of galaxies. Thus, it becomes a pressing issue to
investigate the other physical consequences of the collapse of dark energy fields. Given that the primary inter-
actions of dark energy fields with the rest of the Universe are gravitational, it is particularly interesting to
investigate the gravitational wave signals emitted during the collapse of dark energy fields. This is the focus of
the current work described in this paper. We describe and use the 3+1 BSSN formalism to follow the evolu-
tion of the dark energy fields coupled with gravity and to extract the gravitational wave signals. Finally, we
describe the results of our numerical computations and the gravitational wave signals produced by the col-

lapse of dark energy fields.
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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:
D(r,0,0) = 0(r)[1 + e Re(¥,,(6,0))].
&(r) = 1l — tanh(r — r,)].

Re(Y,,(8,0)) = 1\/3(3 cos’(8) —1),
4\
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Gravitational Waves

-  We are interested now in studying gravitational
waves d,

« They are the perturbations of the full metric ;.
about the background metric @,

- The relationship between these quantities is:

0
v = Eyv L 'hf.l“r"
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Computing the Gravitational Wave
strength
- To proceed, we decompose the gravitational waves
into odd and even multipoles and introduce Regge-
Wheeler functions as:
decomposing the metric perturbation A, into odd The odd-and even-parity master functions,
even multipoles, i.e., we can write Egs. (19) and (20), can be straightforwardly related to
the gravitational-wave strain and are given by
Zl“ﬁn (o) _|_(hfm}{e)]
x _ [2€+D 2M
O =.——|1—— h "fx m ! ml7 di
O¢ m 1,{1?_?) ( p ) —ih - é[@f JQ{ (") ] o6
¢ {h{"m )(e}
|:“ m)(iJ]l_l_ d [ 2 - J:| X_QY['"{B,d))Jr@'[—J.
2 r- !‘2
£m
o;, = ’2{'? +1)! 9 : where _2}’{'”{9, ®) are the spherical harmonics with
€ -2 Alr(A—-2)+6M] spin weight s = —2.
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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:
0.012 . . . .

0.010
0.008
0.006
0.004
0.002
0
-=0.002
-0.004
0

the time is measured in units of f/m?. It should also be

noted that f/m? is the fundamental time scale of the
| dynamics as determined by the evolution equations.

5 10 15 20 25

Fig. 3. Even Qy, with/=2,m=0, e = 0.01.

The LNM Institute of Information Technology



LNMIIT ©

The LNM Institute of
Information Technology

Gravitational Wave Results

Note, in particular, that the time period of the pro-
duced gravitational waves i1s comparable to the funda-
mental time scale of the dynamics.

The scale f1s the high-energy symmetry breaking
scale in PNGB models. In the see-saw model of neu-
trino masses | 3] this corresponds to the heavy symme-
try breaking scale. Whereas f has a range of possible
values, the typical value of f in the see-saw model of
neutrino masses is f ~ 10" GeV. The typical value of m
is ~10~% eV. It should also be noted that so far we have
been working in the particle physics and cosmology
units with = c¢= k= 1. It is straightforward to convert
from these units to more familiar units using standard
conversion factors [8]. Thus, 1 GeV-! = 1.98 x
0" cmand | GeV™'=6.58 x 1075 s.

Using these conversion factors, we see that the fun-
damental time scale of the dynamics corresponding to

f/m?is 2 % 10° years.

The Time Period of Gravitational Waves produced
by Dark Energy Dynamics is about 100,000 years.
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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]

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

« Conclusions
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Gravitational Wave Observations and Ice
Age Periodicity

Contents lists available at ScienceDirect

FHYSICS LETTERS B

Physics Letters B

SE ER www.elsevier.com/locate/physletb

Dark energy gravitational wave observations and ice age periodicity )

Chabizki o

Anupam Singh

Phiysics Department, The LNM Institute of Information Technology, Jaipur, Rojosthan, India

ARTICLE INFO ABSTRACT

Article history: Dark Energy is the dominant component of the energy density of the Universe. However, it is also very
Received & September 2015 elusive since its interaction with the rest of the Universe is primarily gravitational. Since Dark Energy
Received in revised form 2 December 2019 is a low energy phenomenon from the perspective of particle physics and field theory, a fundamental
:iflgﬁ‘:;il:sgufsr};;?i’ 2020 approach based on fields in curved space is sufficient to understand the current dynamics of Dark
Editor: M. Trodden Energy. The key issue is to understand the gravitational dynamics of Dark Energy and its observational

consequences. However, finding the observational consequences of Dark Energy dynamics has been a very
challenging task. For something which is the dominant component of the energy density of the Universe,
Dark Energy appears to be very distant and reclusive. Here we show that the Dark Energy dynamics
results in the production of gravitational waves which produce the ellipticity variation in earth's orbit
that results in the periodicity of the lce Ages observed and documented by geologists and climatologists.
Previously, no observational signature of gravitational waves produced by Dark Energy dynamics has been
reported. Further, no interpretation of the ellipticity variation of the earth's orbit due to gravitational
waves or the linking of such gravitational waves to the Ice Age periodicity has been reported previously.
‘We hope that the current work will lead to some fresh insights and some more interesting work.
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Dark Energy Gravitational Wave Observations:
Context and Challenge

In our quest for interactions of the Dark Energy with the rest
of the Universe, our first attempts perhaps justifiably focus on the
gravitational interactions of the Dark Energy, since it is the domi-
nant interaction of Dark Energy with the rest of the Universe. One
new signal that one can perhaps hope to measure is the gravita-
tional waves emitted by Dark Energy. Thus, a study was made of
the gravitational waves emitted by Dark Energy [12]. One of the
key results obtained in that paper is that the time period of the
gravitational waves emitted is ~ 10° years.

At first, one may be filled with dismay that with the time pe-
riod being ~ 10° years and the human lifetime being ~ 10¢ years,
the chances of detecting such gravitational waves are slim to none.
However, nature has been Kind to us.
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Dark Energy Gravitational Wave
Observations: Path Forward.

To find a pathway to the detection of these gravitational waves,
it is perhaps worth recalling that a gravitanional wave periodi-
cally turns circles into ellipses and vice versa as it passes through
4 region of space. For an easily accessible discussion, please see
Gravitational Waves, Sources, and Detectors [15]. Thus, we expect
a periodic oscillation in the ellipticity of orbits as a signature of
gravitational waves.

Mature has in fact been kKind to us in that it has not only de-
tected these gravitational waves but maintained a record of it for
us 0o uncover and interpret.

For this, we turn to a description of Ice Age periodicity, the
underlying geological data and its interpretation in the terms of
the periodic oscillations in the ellipticity of earth's orbit.
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Period matching for Gravitational Waves
and Ice Age Periodicity

It turns out that geologists and climatologists have known for
about a century that the periodicity in the ice ages can be linked to
what they call insolation which essentially quantifies the heat re-
ceived from the sun. This insolation has been tied to the variations
in the Earth's orbit. It further turns out that the dominant driver
of this phenomena is the variation in ellipticity on the timescale of
~ 10" years. For more details on this please see Variations in the
Earth’s Orbit: Pacemaker of the Ice Ages [7] and Climate and atmo-
spheric history of the past 420,000 years from the Vostok ice core,
Antarctica [6] and references therein. These articles bring out the
role played by periodic variations in the eccentricity of the Earth's
orbit on the time scale of ~ 10° years in driving the periodicity of
the Ice Ages,
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Physical origin for the matching of
periods: Resonance

The equation of motion of the gravitational waves in vacuum
is:

which follows from the Einstein Equation:
1

with the source term zero i.e. when Ty, = 0. See for example [28]
for an excellent discussion on this and related topics.

When the source term is not zero, the eguation for the gravita-
tional wave components hy, is given by:

Dhﬂp - 5_'1_,: 1] {:"‘..E}

The non-zero source term 5, is present for example if you
have non-trivial scalar field configurations present.
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Resonance between scalar field dynamics and
gravity waves

For a scalar field source with the scalar field having a natural
frequency e« (related to the mass m of the scalar field), the source
term can be expressed as:

5“11 = Siﬂlufjﬂ (2?}

Putting this into the equation for the gravitational wave com-
ponenets we get:

Oy = Siye'™ (28)

This has the form of a driven harmonic oscillator which can be
seen much more explicitly by going into Fourier space.

As is well known from the solution of the driven harmonic os-
cillator, this implies two things:

(1) The resonance picks out some special frequencies and en-
hances their ampiitude. This is the reason that the tme period of
the Gravitational Waves matches the time period of scalar field dy-
namics as already observed.

(2) The amplitude at resonance can grow to be large.

Looking at the equation for the gravitational wave components
in Fourier space, we get:

d2h,,,
dr?
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Amplitude of the gravity waves

We now want to push these ideas one step further by using the
energetics to arrive at an estimate of the amplitude of the gravi-
tational waves produced by dark energy dynamics. In order to do
this, we first note that the system of interest for us here consists
of 2 important sub-components: namely dark energy and gravita-
tional waves. These two sub-components can exchange energy as
they interact dynamically. Initially, when the gravity wave ampli-
tudes are very small, the direction of transfer of energy will be
from the dark energy field to the gravitational wave field. How-
ever, as the gravitational wave amplitude grows as a result of the
resonance phenomenon, it will also start dynamically transferring
some energy back to the dark energy field. Since at this point there
is a significant flow of energy in both directions (from and towards
the dark energy field) the long term state of the system of inter-
est will be dynamically driven towards the point where the energy
density in gravitational waves pg,, is equal to the energy density
in the dark energy field ppg. Thus we can use the condition (which
we henceforth refer to as the equipartition condition):

Pew = PDE (31)

to determine the amplitude of the gravitational waves at long
times. One can arrive at the eguipartition condition from a Sta-
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Energy density of Dark Energy

In order to do this we consider the observational data. We need
to start with the Dark Energy density. We now know that the Dark
Energy density is the dominant component of the energy density
of the Universe. For estimating the gravitational wave amplitude
inside our galaxy we need to start with the energy density within
our galaxy. This can be estimated fairly robustly from available
data (see for example [30]). We can summarize this data here by
noting that a mass ~ 102M_, is confined to a volume with lin-
ear dimensions ~ 10 Kpc. From this data we can estimate that on
galaxy length scales (within our galaxy) the dark energy density is
ppe ~10~1 erg/em?3.
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Gravity wave energy density and
amplitude of gravity wave

For a gravitational wave with amplitude hp and angular fre-
quency «, the energy density in gravitational waves pg, 1S given
by (See for example [28] for an excellent discussion on this and
related topics.):

N cw?h}
~(32716)

We note that the angular frequency is related to the time
period T by @ = 2x/T. Both from the resonance condition as
well as the observational data on the time period T we get that
T ~ 10° yeors. Inserting this into the equation for the gravitational
wave energy density and using the equipartition condition we get
g ~ 10— as the amplitude for the gravitational waves produced
by the dark energy dynamics.
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Matches observations!!

It is worth pointing out at this juncture that the value of the
gravitational wave amplitude as calculated above is of the correct
magnitude to explain the data on the periodic eccentricity vari-
aton of earth's orbit as documented by Hinnov in the Ann. Rev.
Earth Planet. Sci. (2000) [8].

Thus, we see that the resonance analysis helps us not only to
intuitively understand and gain insights into the basic underlying
physics, but also helps us 0 quantitatively arrive at the correct
magnitude for both frequency and amplitude of the gravitational
waves produced by the dark energy dynamics which matches the
observational data on the Ice Age periodicity as given for example
by Hinnov [8].
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Summary

In summary, we see that the gravitational waves produced by
dark energy dynamics can produce the periodic variations in the
Earth's orbital eccentricity resulting in the Ice Age periodicity.

In the current work, we have described how gravitational
waves with an amplitude hg ~ 10~ and with a time period
T ~ 10 years which corresponds to a frequency of ~ 10-12 Hz
can arise out of dark energy dynamics. The value of hp ~ 107 at
the low frequencies of ~ 10~!® Hz is compatible with other con-
straints on gravitational waves - please see for example [31] for

The LNM Institute of Information Technology



LNMIIT ©

The 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] Done

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

« Conclusions
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Diark Energy Black Holes with Intermediate Masses at High Redshifts: an earlier
cgeneration of Quasars and observations.

Anupam Singh
Department of Physics, LN, Mitial 11T, Joipur, India.
(Dated: July 6, 2022)

Dark Energy 1= the largest fraction of the energy densaty of our Universe - yet 1t remains one of the
enduring emgmas of our times. Here we show that Dark Enerpy can be used to solve 2 tantalizing
mysteries of the observable universe. We build on existing models of Dark Energy linked to neutrino
masses. In these models Dark Energy can undergo Phase Transitions and form Black Holes. Here we
look at the implications of the family structure of neutrinos for the phase transitions in dark energy
and associated peaks in black hole formation. It has been previously shown that one of these peaks
in Black Hole formation 15 associated with the observed peak in Quasar formation. Here, we predict
that there will also be an earher peak in the Dark Energy Black Holes at lagh redshifts. These [ark
Energy Black Holes formed at high redshifts are Intermediate Mass Black Holes (IMBHs). These
Dark Energy Black Holes at large redshaft can help explain both the EDGES observations and the
observations of large Supermassive Black Holes (SMBHs) at redshifts z ~ 7 through the accretion
onto the Dark Energy IMBH= at high redshifts. Thus, these Dark Energy Black Holes solve 2 of the
most puzzhing mysteries of the observable early universe. Not only does the existence of an earher
phase of Dark Energy Black Holes take care of some current challenges to theory implied by existing
astronomical data, it also helps us actively look for these Dark Energy Black Holes at these lugh
redshifts as predicted here through targeted searches for these Black Holes at the redshifis = ~ 18.
There 15 a shight dependence of the location of the peak on the hightest neutrino mass - so the peak
may be located at & shightly lower value of the redshaft. This may actully enable a measurement of
the hghtest neutrino mass - something which has eluded us so far. Finding these Dark Energy Black
Holes of Intermediate Mass should be withan the reach of upooming observations - particularly with
the James Webb Space Telescope - but perhaps also through the use of other iInnovative techmigques
focusing specifically on the redshifts around = ~ 18.
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Black Hole Formation due to an earlier Phase Transition
linked to the 3" 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 3" 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 (SMBHSs) 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 ACDM 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 3" 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:

by i, mz and ma. Let us now label the critical temper-
atures associated with the phase transitionsas T |, T5, Ty

and scale factors associated with these phase transitions
as Ry, Hy, R3 respectively. The scale factors can them-

solves be associated with the corresponding redshifts x4
, Za. ¥ Tespectively.

The LNM Institute of Information Technology



LNMIIT ©

The LNM Institute of
Information Technology

Phase Transitions, Neutrino Masses and Peak Redshifts

Using the physics of the phase transitions and the
evolution of temperature, scale factor and redshift in an
expanding universe we note that: T, m

T2 ma2

T3 Rz

T P

and

Ha 1423

B 14
From observations of the Quasar distribution with
redshift, we get: 2g ~ 25,

If the lightest neutrino mass is insignificant comapared
to the masses of the heavier neutrinos (ie. my <<
mz, ma), then we got: 3 ~ 18,
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Phase Transitions, Neutrino Masses and Peak Redshifts

The value of 25 haz a dependence on the lightest neu-
trino mass my and 50 the result is displayed as a plot of
¥a varsus my in the figure below.

Peak Redshift as a function of lightest Meutrino Mass.

2 P : 2
FIG. 1. Peak Redshift as a funcion of mg.

Figure 1 displays the loaction of the Peak in redshift

(z) as function of the mass of the lightest neutrino (mg
in meV).
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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!

S tke 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

dr?
1 — kr?

ds® = dt* — R*(t) [ + r?d#? 4 r? gin? quﬁaz] .

(1)

where (t,7,8,¢) are the comoving coordinates describing
a space-time point and R(t) is the cosmic scale factor.
Also, k = +1,—1, or 0 depending on when the universe
is closed, open, or flat.

The present expansion age of a matter dominated uni-
verse can be evaluated in a Robertson-Walker universe.-
General fine-tuning arguments as well as the inflationary
picture gives us a preference for a flat universe, 2, = 1. 10
In this case, to = 2H, . For, £y ~ 1, one can expand
the above expressions in a Taylor expansion:

R'[t]/RIE] {in unice of 75 kn/ (=ec Mpcl )

tu=§Hgl[]—%{ﬂg—l]+---]. (2) 4

We can also determine the present age of the universe o rime tin units 13 Gyel
containing both matter and vacuum energy such that 0.5 X 1.5 2
ﬂvﬂc =+ ﬂmﬂ“cr = 1:

2 . 1402 FIG. 1. Time evolution of the Hubble pa-
to = SHy 'R/ In | ———p (3) rameter in the LTPT model: R(t)/R(t) vs
3 (1 = vac) time.

This will give us much longer lifetimes as can be seen
most dramatically by examining the limit .. — 1 in
which case t; —+ oo. Indeed having an Q... ~ 0.8 is
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Quasar Formation

PHYSICAL REVIEW D VOLUME 50, NUMBER 2 15 TULY 1994

Quasar production: Topological defect formation due to a phase transition linked
with massive neutrinos

Anupam Singh
Physics Department, Carnegie Mellon University, Pirisburgh, Pennsylvania 15213
(Received 30 August 1993)

Recent observations of the space distribution of guasars indicate a very notable peak in space density
at a redshift of 2 to 3. Tt is pointed ount in this article that this may be the result of a phase transition
which has a critical temperature of roughly a few meV (in the cosmological anits A =c =k =1} It s
farther pointed out that such a phase transition is natural in the context of massive neutrinos. In fact,
the neuiring masses required for quasar prodoection and those reguired to solve the solar neuirino probe-
lem by the Mikheyev-Smirnov-Wolfenstein mechanism are consistent with each odher,

PACS numberis): 98.80.Cq, 12.15.Ff, 14.60.Pg, 98.54.A]
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JWST and Early Formation of Structure.

THE ASTROPHYSICAL JOURNAL LETTERS, 942:1.9 (20pp). 2023 January 1 https: /[ fdot.org/ 103847 /204 1-8213 faca8lc
© 2022, The Author(s). Published by the American Astronomicsl Society.

CrossMark

First Batch of z=~ 11-20 Candidate Objects Revealed by the James Webb Space
Telescope Early Release Observations on SMACS 0723-73

Haojing Yan'(®, Zhiyuan Ma®®, Chenxiaoji Ling' . Cheng Cheng” (¥, and Jia-Sheng Huang’
! Department of Physics and Astronomy, University of Missouri-Columbia, Columbia, MO 65211, USA; yanha@ missouri.edu
2 Department of Astronomy, University of Massachusetts, Amherst, MA 01003, USA
3 Chinese Academy of Sciences South America Center for Astronomy, National Astronomical Observatories, CAS, Betjing 100101, People’s Republic of China
Received 2022 August 8; revised 2022 November 4; accepted 2022 November 24; published 2022 December 28

Abstract

On 2022 July 13, NASA released to the whole world the data obtained by the James Webb Space Telescope
(JWST) Early Release Observations (ERO). These are the first set of science-grade data from this long-awaited
facility, marking the beginning of a new era in astronomy. In the study of the early universe, IWST will allow us to
push far beyond z = 11, the redshift boundary previously imposed by the 1.7 pm red cutoff of the Hubble Space
Telescope (HST). In contrast, JWST’s NIRCam reaches ~5 ym. Among the JWST ERO targets there is a nearby
galaxy cluster SMACS 0723-73, which is a massive cluster and has been long recognized as a potential “cosmic
telescope” in amplifying background galaxies. The ERO six-band NIRCam observations on this target have
covered an additional flanking field not boosted by gravitational lensing, which also sees far beyond HST. Here we
report the result from our search of candidate objects at z > 11 using these ERO data. In total, there are 87 such
objects identified by using the standard “dropout” technique. These objects are all detected in multiple bands
and therefore cannot be spurious. For most of them, their multiband colors are inconsistent with known types of
contaminants. If the detected dropout signature is interpreted as the expected Lyman break, it implies that
these objects are at z 2 11-20. The large number of such candidate objects at such high redshifts is not expected
from the previously favored predictions and demands further investigations. JWST spectroscopy on such objects
will be critical.

Unified Astronomy Thesaurus concepts: Galaxy formation (595); Galaxy evolution (594); Early universe (435)
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Phase Transitions In the see-saw model of neutrinos

PHYSICAL REVIEW D VOLUME 47, NUMBER 2 15 JANUARY 1993

Non-Abelian soft boson phase transitions and large-scale structure

Richard Holman and Anupam Singh
Institute for Theoretical Physics, University of California, Santa Barbara, California 93016
and Physics Department, Carnegie Mellon University, Pittsburgh, Pennsylvania 15213
(Received 24 April 1992)

A new class of models with psendo Nambu-Goldstone bosons is constructed using a non-Abelian sym-
metry in the right-handed Majorana neutrino sector of seesaw neutrino mass models. The phase strue-
ture of these models is examined both at zero and nonzero temperatures, with particular emphasis on
their phase transition characteristics. We find that the vacuum manifold of these models exhibits a rich
structure in terms of possible topological defects, and we argue that these models may have applications
to late-time phase transition theories of structure formation.

PACS number(s): 98.80.Cq, 05.70.Fh, 12.10.Gq
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Phase Transitions in the see-saw model of neutrinos

One of the standard ways of generating neutrino
masses has been the see-saw mechanism [15]. These mod-
els involve a Yukaws interaction between the Higps fields
and leptons. We investigated the finite temperature be-

haviour of the see-saw model. For this purpose, we se-
lected a very specific and simplified version of the general

spp-saw model but one which iz sufficient to give us some
very interesting results.

The relevant Yukawa couplings in the leptonic sector
AT

— Ly = Vailt, "Nj® 4+ yNENE %035 4+ he. (1)

where a, i, j are family indices and the fields that enter
into the see-zaw model of nentrino masses are: the stan-
dard lepton doublets [; and the Higgs doublet ¢ along

with right handed neutrinos N and a Higgs field ;.
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Phase Transitions In the see-saw model of neutrinos

.. 80 as to exhibit the Nambu-

We can parametrize o

Goldstone modes as
o(x)=U(x){o)UT(x)
= fU(x)U(x) , (3)

with U(x)=exp[i(&,7,+&5373)/f] (note that U is sym-
metric).

After the Higgs doublet acquires its VEV, we have the
following mass terms for the neutrino fields:

_"“Cmasszmai"_"iNE +MER UUTN}CE +H.c. , (4)

where v7 are the standard neutrinos, m, =y, v/

V2, M=yf/V2.
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Phase Transitions In the see-saw model of neutrinos

The temperature dependent effective potential for
this model can be expressed as:

7w T* T?
Viot(§1,63)= | Vo — 90 + m,2+_-6 M?
(M2)2 TZ
+ o2 n—-ln—~2— ,
7]

where n =2y —1—2Ilnm~ —2.1303
4
M= (cos2 ]|+ &3 sin?2 €]
where ||&[|=V/E1+E3/f and E,=£/V E+E
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The 3+1 BSSN Formalism.

To obtain numerical solutions, it is convenient to
use the 3 + 1 decomposition of the Einstein equations,
for which the line element can be written as

ds* = —a’dt” + y,(dx' + pldty(dx’ +B'dr). (4

where 7, is the 3-dimensional metric. The Latin indi-
ces label the three spatial coordinates. The functions o
and ' in Eq. (4) are gauge parameters, respectively
known as the lapse function and the shift vector. The
determinant of the 3-metric 1s y. The Greek indices
range from 0 to 3 and the Latin indices range from 1
to 3.

For the purpose of numerical evolution, the Klein-
Gordon equation can be written as a first-order sys-
tem. This is done by first splitting the scalar field into
the real and imaginary parts as @ = ¢, + ¢, and then
defining variables in terms of combinations of their
derivatives:

[T=m +im,, a = Wi + 1y,

Here,
= (ﬁ/a)(ar@ —B.0), Wy, =9,0;

and we can similarly replace the subscript 1 with 2 to
obtain the remaining quantities of interest. With this

notation, the evolution equations become

a0, = \%El + E’j‘lfu-

a:w]a :aﬂ %R1+Bj‘411; s '(5)
,{5
JdV
d,m =0 (o }——cx
. Pl -3 «Ffam

Again, we can replace the subscript 1 with 2 to obtain
the remaining quantities of interest. On the other
hand. the geometry of the space-time is evolved using
the BSSN formulation of the 3 + | decomposition.
According to this formulation. the variables to be
evolved are

¥ = In(y,y")/12.
Au = e_w(KU -

Yy = f-’—w'k’r'f- K = THK:';H
Y,K/3).
~ jk

and the contracted Christoffel symbols T' = ¥ ij,
instead of the ADM variables y; and Kj;. The equations
for the BSSN variables are described in [ 10, 11]:

QW = —éa!(, (6)

The LNM Institute of Information Technology




LNMIIT ©

The LNM Institute of
Information Technology

Black Hole formation details

We were also able to demonstrate that the collapse
of the dark energy field leads to black hole formation.
~ - For this, we used an additional component of the Ein-
d Yy = —20LAy. (7)  stein Toolkit [12, 13] which is also publicly available.
An apparent horizon satisfies the equation

9,K =—y"D,D

R (8) H=Vn'+Kp'n'—K=0, (12)
+Q[AUA N gK N E(_T 0 T)}‘ where n' is the outward-pointing unit normal to the
_ . - horizon and all the field variables are evaluated on the
Ay =e[-DiDjo+ ol Ry —T}))] horizon surface.
(KA, — 24, Af) ® As previously shown [13], Newton’s method pro-
U vides an excellent and efficient horizon-finding algo-
d

oy ~ i rithm by numerically finding the roots of the above

ot : . . . ,
S~k 2y i —y equation. By numerically executing the horizon-find-
+2a(rﬂc"4 - g”x’ K, -7T,+064 ¢,;) (10) ing algorithm, we were able to demonstrate the forma-
D (ot a2 gt tion of black holes resulting from the collapse of dark
—J(B Y =27"B" +§y B J), energy. Further, we computed the mass Mp; of the

where D), is the covariant derivative on the spatial

hypersurface. T 1s the trace of stress-energy tensor (3),
and the label TF denotes the trace-free part of the
quantity in brackets.
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Space-time Geometry

The metric g which determines the geometry of
space-time in general is given by:

ds® = gydx'dx"
Parallel transport in curved space time is determined
by the Christoffel symbols:

, {0 0 0
= oS0 S )
The Curvature of Space-time is expressed in terms of
the Curvature Tensor

_drj  JT}

T Rl T o

! Tm myi
+ L — Ui,
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Dynamics of Space-Time: The Einstein
Equation

The Einstein Equation involves in addition to
Curvature Tensor, the Curvature Scalar: R = g*R,

We can now express the Einstein Equation as:

1 8tk
Rix = 58uR = el

Where Ty is the energy momentum tensor and can
be expressed in terms of the energy density, pressure
and velocity as: Ty = (p + &uuy — pgy,
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Gravitational Waves

Consider fluctuations of the metric around a background value
expressed as: 8k =&y + P

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 :

oy
~ =0 wi=hi-38h
The curvature tensor then becomes: Ry,

1

Inserting this into the vacuum Einstein Equation give us the
gravitational wave equation: [DhrfF =0

Or in the familiar form of a wave equation: |22 _ 1 31
dx* c¢* dr’
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