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journal publishes high quality review and topical review articles that provide
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- Erwin Rudolf Joseph
Alexander Schrodinger, Austrian-Irish Nobel winning physicist com-
monly regarded as the father of Quantum physics.

Exploring the frontiers of physics is an exciting endeavour filled with mys-
tery,surprise,and discovery. As our understanding of the fundamental structure of
matter,energy,space,and time continues to evolve,the picture of the nature becomes
more complete,yet it never loses its sense of awe and wonder. Frontiers of physics
serves as platform for physicists to share their latest breakthroughs and discuss the
most pressing questions in the field. By publishing high quality review articles,it
helps the readers to deeply appreciate and enjoy the quest for knowledge at the
forefront of physics. Thus, in this paper we are gonna discuss about some of the
key areas where Frontiers of physics are being explored.



1.Cosmology and Particle Physics

Cosmology is the study of the character and evolution of the uni-
verse.There are approximately 10'! galaxies in the observable part of
the universe. An average galaxy contains more than 10! stars, with our
Milky Way galaxy being larger than average, both in its number of stars
and its dimensions. Ours is a spiral-shaped galaxy with a diameter of about
100,000 light years and a thickness of about 2000 light years in the arms with a
central bulge about 10,000 light years across. The Sun lies about 30,000 light years
from the center near the galactic plane. There are significant clouds of gas, and
there is a halo of less-dense regions of stars surrounding the main body. Evidence
strongly suggests the existence of a large amount of additional matter in galaxies
that does not produce light which we call it dark matter.

Light is super fast, and a light year is the distance it travels in one year. Our
galaxy, the Milky Way, is so big that light takes 160,000 years to reach nearby
small galaxies, like the Magellanic Clouds. Meanwhile, the Andromeda galaxy is a
huge spiral galaxy, similar to ours, but it’s much farther away, and light takes 2
million years to get from there to Earth. We can barely see Andromeda with our
eyes as a dim spot in the sky. And the farthest galaxy we’ve found is incredibly
distant, sitting 14 billion light years from Earth, which is an enormous distance.

Light from distant galaxies is like a time machine; it shows us the universe’s
past. The light from Andromeda took 2 million years to reach us, so we're seeing
it as it was 2 million years ago. The farthest galaxy’s light left 14 billion years
ago, giving us a glimpse into the universe’s early days. However, studying the
universe is tricky because there’s a lot we don’t know, leading to many theories
and discoveries.

Edwin Hubble’s work in the 1920’s revealed that the universe is expanding.
He noticed that galaxies farther from us have a red shift in their light, meaning
they’re moving away, and the further they are, the faster they move. This isn’t due
to a Doppler shift, but because space itself is stretching. So, every galaxy seems
to be moving away from every other galaxy, with no central point of expansion,
suggesting a massive event like the Big Bang started it all.

In modern cosmology, we understand that the universe is expanding. Galaxies



that are relatively close to each other don’t move apart uniformly. But for galaxies
more than 50 million light years away, this expansion is consistent. We can calculate
how fast a galaxy is moving away from us using the formula

v= Hod

where v is the galaxy’s recession velocity, d is the distance to the galaxy, and H
is the Hubble constant. The Hubble constant helps us measure the universe’s
expansion rate, which we find by looking at how the speed at which a galaxy
moves away from us changes with distance.One of the most intriguing developments
recently has been the discovery that the expansion of the universe may be faster
now than in the past, rather than slowing due to gravity as expected. There are
many connections of cosmology (physics on the largest scale) with particle physics
(physics on the smallest scale). Among these are:-

. In the universe, there’s a
lot more matter than antimatter. We know this because we don’t see big
explosions that would happen if there were lots of antimatter around. Even
though the laws of physics are almost the same for matter and antimatter,
there’s a tiny difference. This small difference long ago made a bit more
matter than antimatter right after the Big Bang. Because of this, after
everything that could cancel out did, we're left with the stars and galaxies
made of matter, like the ones we see in the sky.

The Cosmic Microwave Background Radiation (CMBR) is very smooth, which
puzzled scientists because the early universe needed uneven spots to form
galaxies. However, sensitive instruments like COBE and WMAP found tiny
fluctuations in the CMBR, proving that the early universe wasn’t perfectly
smooth after all. These small differences were crucial for the formation of
galaxies.

. As we look back in time, closer to the
Big Bang, the universe was much hotter and denser. At first, it was too hot
for galaxies or even atoms to form. Going further back, particles like protons
and neutrons couldn’t exist due to the extreme conditions. Even earlier, at
about a trillionth of a second after the Big Bang, the universe was so hot
that particles associated with the weak force could be created. This period is
known as the electroweak epoch. Before that, all forces except gravity were
unified, and at an even earlier stage, all forces, including gravity, might have
been one, which we call the Theory of Everything. But our understanding of
these earliest moments is still incomplete.[1]
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Figure 1: The evolution of the universe from the Big Bang onward is intimately tied
to the laws of physics, especially those of particle physics at the earliest stages. The
universe is relativistic throughout its history. Theories of the unification of forces at high
energies may be verified by their shaping of the universe and its evolution.[1]

Since the amount of matter and radiation dominate the universe at early times,
these constituents have the overall cosmological behavior. The present acceleration
of the universe can be explained by introducing the cosmological constant or by the
existence of quintessence. However, the problem is that the vacuum energy density
of quantum particles possesses the same order of magnitudes as the order of the
current matter density at ground-based laboratories. Recently, it has been found a
nice coincidence, the so-called late-time cosmic acceleration observation problem
between particle physics and cosmology if neutrinos are the source of the former
puzzle. The landscape in the present particle theory development is very rich, and
various theoretical models are proposed for several couplings and for various energy
regions. These can be tested by the experiments at the LHC and from cosmological
observations.
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2.General Relativity and Quantum
Gravity

Relativity is the study of how different observers measure the same event,
particularly if they move relative to one another. General relativity and Quantum
Gravity are two of the most profound theories in physics, each addressing the
fundamental nature of space,time and matter.

General Relativity is the theory formulated by Albert Einstein in 1915 which
revolutionized our understanding of gravity. It replaced the Newtonian view of
gravity as a force between masses with the concept of spacetime curvature.In
Newtonian physics, gravity is described as a force that acts at a distance between
two masses. For example, the earth pulls on the moon with gravitational force and
this force keeps the moon in orbit around the earth.

However, Albert Einstein’s theory of general relativity introduced a different
perspective. Instead of viewing gravity as a force, it describes gravity as a result of
curvature of spacetime caused by mass and energy. According to General Relativity,
massive objects like stars and planets warp the fabric of the space time around
them,and this curvature is what we perceive as gravitational pull.This theory has
passed numerous tests,from the bending of light by gravity to the precise orbit of
planets.

There are several current forefront efforts related to general relativity.Some of
them are discussed below:-

o Gravitational Lensing

Imagine you are looking through a glass marble at a light source. You would
notice the light bending as it passes through the marble,creating a distorted
image. Gravitational lensing is similar, but instead of a marble,it’s massive
object like a galaxy that bends the light coming from another galaxy behind it.
This phenomenon occurs when light bends around a massive object, similar



to how a lens focuses light. On a cosmic scale, light from a distant galaxy can
be bent into multiple images by another galaxy’s gravity.Einstein predicted
this "Cosmic Mirage", and it’s like nature’s own magnifying glass helping
us see distant galaxies. Additionally, it helps confirm that the red shift(a
measure of how much the wavelength of light is stretched as it travels through
space) is proportional to distance. Observations show that the red shift is
consistent across multiple images of a lensed galaxy and is always less than
that of the intervening galaxy. This consistency supports the idea that red
shift correlates with distance, and the synchronized brightness variations
among the images confirm that they are of the same object.

Figure 2: Gravitational lensing of distant star-forming galaxies

o Black holes

Black holes are extremely dense regions of spacetime gravity is so strong that
nothing, not even light, can escape. They are one of the most fascinating
predictions of Einstein’s general theory of relativity. Black holes form when
massive stars collapse at the end of their life cycle. The star’s matter is
compressed into an infinitely small point called a singularity, surrounded by
an event horizon - the boundary from which nothing can return. The event
horizon’s radius is known as the Schwarzschild radius, given by

RS = 2GM/C?,

where G is the gravitational constant, M is the mass, and c is the speed of light.

Supermassive black holes, millions of times the mass of our Sun, likely form by
absorbing other stars and merging with other black holes.
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Figure 3: A black hole is shown pulling matter away from a companion star, forming a
superheated accretion disk where X rays are emitted before the matter disappears forever
into the hole. The in-fall energy also ejects some material, forming the two vertical
spikes.There are several X-ray-emitting objects in space that are consistent with this
picture and are likely to be black holes.

They are believed to exist at the center of most galaxies. Primordial black holes
may have also formed in the early universe from high density regions.

Black holes are difficult to observe directly as they emit no light. However, their
presence can be inferred by their effects on nearby matter:

— Accretion disks of gas and dust around black holes emit light across the
spectrum, especially X-rays

— Stars orbiting supermassive black holes at the galactic center reveal their
mass

— Gravitational lensing of light by black holes can be detected

— Gravitational waves are generated when black holes merge.

While black holes are not completely black due to Hawking radiation, this effect
is negligible for astrophysical black holes. Major unsolved problems include the
black hole information paradox and understanding the physics inside the event
horizon. Black holes remain one of the most mysterious and fascinating objects in
the universe, with much still to be learned about their nature and role in cosmic
evolution. [1]



Gravitational Waves

Gravitational waves are mass-created distortions in space that propagate at the
speed of light and are predicted by general relativity. Since gravity is by far the
weakest force, extreme conditions are needed to generate significant gravitational
waves. Gravity near binary neutron star systems is so great that significant
gravitational wave energy is radiated as the two neutron stars orbit one another.

American astronomers, Joseph Taylor and Russell Hulse, measured changes in the
orbit of such a binary neutron star system. They found its orbit to change precisely
as predicted by general relativity, a strong indication of gravitational waves, and
were awarded the 1993 Nobel Prize. But direct detection of gravitational waves on
Earth would be conclusive. For many years, various attempts have been made to
detect gravitational waves by observing vibrations induced in matter distorted by
these waves. American physicist Joseph Weber pioneered this field in the 1960s,
but no conclusive events have been observed. (No gravity wave detectors were
in operation at the time of the 1987A supernova, unfortunately.) There are now
several ambitious systems of gravitational wave detectors in use around the world.
These include the LIGO (Laser Interferometer Gravitational Wave Observatory)
system with two laser interferometer detectors, one in the state of Washington and
another in Louisiana (See Figure 4) and the VIRGO (Variability of Irradiance and
Gravitational Oscillations) facility in Italy with a single detector.
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Figure 4: The control room of the LIGO gravitational wave detector. Gravitational
waves will cause extremely small vibrations in a mass in this detector, which will be
detected by laser interferometer techniques. Such detection in coincidence with other
detectors and with astronomical events, such as supernovas, would provide direct evidence
of gravitational waves.
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Quantum gravity is the theory that deals with particle exchange of gravitons as
the mechanism for the force, and with extreme conditions where quantum mechanics
and general relativity must both be used. A good theory of quantum gravity does
not yet exist, but one will be needed to understand how all four forces may be
unified. If we are successful, the theory of quantum gravity will encompass all
others, from classical physics to relativity to quantum mechanics—truly a Theory
of Everything (TOE).

Quantum gravity is important in those situations where gravity is so extremely
strong that it has effects on the quantum scale, where the other forces are ordinarily
much stronger.

e Black hole radiation

Russian physicist Yakov Zel’dovich and British physicist Stephen Hawking
showed that black holes could radiate away energy by quantum effects just
outside the event horizon (nothing can escape from inside the event horizon).
Black holes are, thus, expected to radiate energy and shrink to nothing,
although extremely slowly for most black holes. The mechanism is the
creation of a particle-antiparticle pair from energy in the extremely strong
gravitational field near the event horizon.

Black holes radiate through a process known as Hawking radiation, which is a
theoretical prediction that black holes emit thermal radiation due to quantum
effects. This radiation is a result of virtual particles that are constantly
appearing and disappearing in the vicinity of the event horizon, with one
particle being pulled into the black hole while the other escapes as radiation.
The temperature of this radiation is inversely proportional to the mass of the
black hole, meaning that smaller black holes radiate more than larger ones.

When a black hole loses energy and, hence, rest mass, its event horizon
shrinks, creating an even greater gravitational field. This increases the rate of
pair production so that the process grows exponentially until the black hole
is nuclear in size. A final burst of particles and v -rays ensues. This is an
extremely slow process for black holes about the mass of the Sun (produced by
supernovas) or larger ones (like those thought to be at galactic centers), taking
on the order of 10%7 years or longer! Smaller black holes would evaporate
faster, but they are only speculated to exist as remnants of the Big Bang.
Searches for characteristic vy-ray bursts have produced events attributable to
more mundane objects like neutron stars accreting matter.

Hawking radiation is a key prediction of quantum field theory in curved
spacetime and has significant implications for our understanding of black
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holes and the behavior of matter in extreme environments. It suggests that
black holes are not eternal objects, but rather they have a finite lifetime
and will eventually evaporate through the emission of Hawking radiation.
The detection of Hawking radiation is challenging due to its extremely faint
nature, but it could provide valuable insights into the behavior of black holes
and the fundamental laws of physics. The search for Hawking radiation is
an active area of research, with scientists exploring new ways to detect and
study this phenomenon.

In summary, black holes radiate through Hawking radiation, a process that is
a fundamental prediction of quantum field theory in curved spacetime. This
radiation has significant implications for our understanding of black holes
and the behavior of matter in extreme environments, and its detection could
provide valuable insights into the fundamental laws of physics.

e Wormholes and time travel

The subject of time travel captures the imagination. Theoretical physicists,
such as the American Kip Thorne, have treated the subject seriously, looking
into the possibility that falling into a black hole could result in popping up
in another time and place—a trip through a so-called wormhole. Time travel
and wormholes appear in innumerable science fiction dramatizations, but the
consensus is that time travel is not possible in theory. While still debated, it
appears that quantum gravity effects inside a black hole prevent time travel
due to the creation of particle pairs. Direct evidence is elusive.[1]

12
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Figure 5: Gravity and quantum mechanics come into play when a black hole creates a
particle-antiparticle pair from the energy in its gravitational field. One member of the
pair falls into the hole while the other escapes, removing energy and shrinking the black
hole. The search is on for the characteristic energy.
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e The shortest time

Theoretical studies indicate that, at extremely high energies and correspond-
ingly early in the universe, quantum fluctuations may make time intervals
meaningful only down to some finite time limit. Early work indicated that
this might be the case for times as long as 10%3s, the time at which all forces
were unified. If so, then it would be meaningless to consider the universe
at times earlier than this. Subsequent studies indicate that the crucial time
may be as short as 10™%°s. But the point remains—quantum gravity seems
to imply that there is no such thing as a vanishingly short time. Time may,
in fact, be grainy with no meaning to time intervals shorter than some tiny
but finite size.[1]

o The future of quantum gravity

Not only is quantum gravity in its infancy, no one knows how to get started
on a theory of gravitons and unification of forces. The energies at which
TOE should be valid may be so high (at least 10!°GeV ) and the necessary
particle separation so small (less than 10°°m ) that only indirect evidence
can provide clues. [1]

Quantum Gravity seeks to describe the gravitational force within the framework
of quantum mechanics. While General Relativity works exceptionally well on
large scales, it breaks down at the quantum level, where the effects of gravity are
incredibly weak. Quantum Gravity aims to reconcile the principles of quantum
mechanics with those of General Relativity, a task that has proven to be one
of the most challenging in theoretical physics. Various approaches to Quantum
Gravity, such as string theory and loop quantum gravity, attempt to understand
how spacetime and gravity behave at the Planck scale, where the effects of both
quantum mechanics and gravity become significant.

Together, these theories aim to provide a more complete picture of the universe,
from the vastness of cosmic scales to the tiniest quantum realms. A successful
theory of Quantum Gravity would not only unify General Relativity with quantum
mechanics but could also lead to a deeper comprehension of the fundamental forces
that govern the cosmos.
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3.SuperStrings

Superstring theory is an ambitious attempt to unify all the fundamental forces
of nature, including gravity, into a single coherent framework. The key tenets of
superstring theory are:

o Fundamental particles, including the graviton that mediates gravity, are
modeled as one-dimensional vibrating strings.

o Strings exist in 10 dimensions, with only 4 being readily observable.

o Each independent quantum number corresponds to a separate dimension in
"superspace"

o As the universe evolved after the Big Bang, some dimensions curled up and
became unnoticed.

Superstring theory predicts that forces can only be unified at extremely high
energies, corresponding to particle separations around 1073% m. At this scale,
quantum gravity effects become significant and may impose a fundamental limit
on the smallest possible size.

However, superstring theory remains largely unconstrained by experiment, as it
deals with phenomena 17 orders of magnitude smaller than what we can directly
observe. This has led to a proliferation of theoretical possibilities and speculation
about alternate universes with different physical laws.

While superstring theory has not yet made definitive experimental predictions,
it has led to deep connections between mathematics and physics. Ongoing research
aims to make the theory more predictive and unify the various superstring theories
into a single consistent framework.

15
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Figure 6: superstring theory

Japanese physicists in their 30’s and 40’s are leading the world in applying
superstring theory in these fields. The reason is that "they can focus on research
without being shackled by common notions," said Osaka University’s Hashimoto.
The appeal of working with an idea that could transform the world of physics is
attractive to young researchers.

One of these is Makoto Natsuume, an associate professor at the High Energy
Accelerator Research Organization. He is working to better understand supercon-
ductivity, which was once thought to occur only at ultralow temperatures near
absolute zero (approximately -273 °C). However, scientists discovered that some
substances become superconductive at temperatures above 30 K (-243 °C).

Using superstring theory, Natsuume is trying to explain superconductivity-
related interactions between electrons and reveal the mechanism of superconductiv-
ity at relatively high temperatures. If the research goes well, "room-temperature
superconductivity may be realized," he said. This could trigger a technological revo-
lution, with potential advancements being applied to magnetic-levitation transport
vehicles and the transmission of power to cities, for example.

In general, Superstring theory is an idea still being developed, and it has great
potential. Toshihide Maskawa, a professor at Kyoto Sangyo University, and a joint
winner of the 2008 Nobel Prize in physics, said, "There is a possibility that new
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physics will be created" in the future to explain all phenomena using the concept
of superstrings. [2]
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4. Dark matter and closure

There is as yet no answer to this question, but it is becoming increasingly clear
what it is not. Detailed observations of the cosmic microwave background with
the WMAP satellite show that the dark matter cannot be in the form of normal,
baryonic matter, that is, protons and neutrons that compose stars, planets, and
interstellar matter. That rules out hot gas, cold gas, brown dwarfs, red dwarfs,
white dwarfs, neutron stars and black holes.

Dark matter is hypothetical form of matter that is thought to make up approx-
imately 27% of the universe’s mass-energy density. It is called "dark" because it
does not emit, absorb, or reflect any electromagnetic radiation, making it invisible
to our telescopes. Despite its elusive nature, dark matter’s presence can be inferred
through its gravitational effects on visible matter and the way galaxies and galaxy
clusters move. [3]

The existence of dark matter was first proposed by Swiss astrophysicist Fritz
Zwicky in the 1930’s, based on observations of the Coma galaxy cluster. Since
then, a wealth of observational evidence has accumulated, including the rotation
curves of galaxies, the formation of galaxy clusters, and the large-scale structure
of the universe. Black holes would seem to be the ideal dark matter candidate,
and they are indeed very dark. However stellar mass black holes are produced
by the collapse of massive stars which are much scarcer than normal stars, which
contain at most one-fifth of the mass of dark matter. Also, the processes that
would produce enough black holes to explain the dark matter would release a lot
of energy and heavy elements; there is no evidence of such a release.

The non-baryonic candidates can be grouped into three broad categories: hot,
warm and cold. Hot dark matter refers to particles, such as the known types of
neutrinos, which are moving at near the speed of light when the clumps that would
form galaxies and clusters of galaxies first began to grow. Cold dark matter refers
to particles that were moving slowly when the pre-galactic clumps began to form,
and warm dark matter refers to particles with speeds intermediate between hot
and cold dark matter. [4][3]
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Figure 7: Dark Matter

This classification has observational consequences for the size of clumps that
can collapse in the expanding universe. Hot dark matter particles are moving so
rapidly that clumps with the mass of a galaxy will quickly disperse. Only clouds
with the mass of thousands of galaxies, that is, the size of galaxy clusters, can form.
Individual galaxies would form later as the large cluster-sized clouds fragmented,
in a top-down process.

In contrast, cold dark matter can form into clumps of galaxy-sized mass or less.
Galaxies would form first, and clusters would form as galaxies merge into groups,
and groups into clusters in a bottom-up process.

The observations with Chandra show many examples of clusters being con-
structed by the merger of groups and sub-clusters of galaxies. This and other lines
of evidence that galaxies are older than groups and clusters of galaxies strongly
support the cold dark matter alternative.

The leading candidates for cold dark matter are particles called WIMPs, for
Weakly Interacting Massive Particles. WIMPs are not predicted by the so-called
Standard Model for elementary particles, but attempts to construct a unified theory
of all elementary particles suggest that WIMPs might have been produced in great
numbers when the universe was a fraction of a second old.

A typical WIMP is predicted to be at least 100 times as massive as a hydrogen
atom. Possible creatures in the zoo of hypothetical WIMPs are neutralinos,
gravitinos, and axinos. Other possibilities that have been discussed include sterile
neutrinos and Kaluza-Klein excitations related to extra dimensions in the universe.

The search for dark matter is an active area of research, with scientists employing
a variety of methods to detect and study it. These include gravitational lensing,
which involves measuring the bending of light around massive objects, and the
observation of the cosmic microwave background radiation.
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Figure 8: The nature of dark matter is unknown. A substantial body of evidence indicates
that it cannot be baryonic matter, i.e., protons and neutrons. The favored model is
that dark matter is mostly composed of exotic particles formed when the universe was a
fraction of a second old. Such particles, which would require an extension of the so-called
Standard Model of elementary particle physics, could be WIMPs (weakly interacting
massive particles), or axions, or sterile neutrinos. Cosmic Timeline Illustration Credit:

NASA/CXC/M.Weiss

Several theories have been proposed to explain the nature of dark matter,
including the possibility that it is composed of weakly interacting massive particles
(WIMPs) or axions as discussed above. However, none of these theories have been
proven conclusively, and the search for dark matter remains an open problem in
physics. In popular culture, dark matter has been featured in various works of
science fiction, often with extraordinary physical or magical properties. However,
in the scientific community, dark matter remains a fascinating and mysterious
component of the universe, with much still to be learned about its properties and
behavior.[5]
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What is the evidence for the existence of dark
matter”’

The evidence for the existence of dark matter includes:

. Observations of the rotation curves of galaxies
show that stars at the outskirts move faster than expected based on visible
matter alone, indicating the presence of unseen matter that increases the
gravity experienced by these stars.

. Studies of the Bullet Cluster, where two galaxies
collided, revealed the mass of celestial objects using gravitational lensing.
This technique relies on the fact that mass influences the density of space,
causing light to bend. The observed bending of light supports the presence
of unseen mass.

. Vera Rubin’s observations of spiral galaxies showed
that stars at the edges moved as fast as those closer to the center, suggesting
a significant amount of invisible matter in the outer regions. This discrepancy
between visible and inferred mass supports the existence of dark matter.

. The large-scale wave patterns of mass
density in the universe provide indirect evidence for dark matter, as they
suggest the presence of additional energy that is not ordinary matter or dark
matter, contributing to the universe’s flatness.

These lines of evidence, from galactic dynamics to gravitational lensing, col-
lectively support the existence of dark matter, despite its invisibility and weak
interaction with light.

What is the relationship between dark matter and dark
energy’

Dark matter and dark energy are two distinct components of the universe that
have very different properties and effects:

e Dark matter is an invisible form of matter that makes up about 27% of
the universe’s total mass-energy content. It interacts gravitationally to hold
together galaxies and galaxy clusters.

o Dark energy is a mysterious force that makes up about 68% of the universe.
It is smoothly distributed throughout space and drives the accelerating
expansion of the universe.
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While dark matter slows down the expansion of the universe, dark energy
speeds it up. Dark matter clumps together gravitationally, while dark energy
is smoothly distributed. Despite some attempts to unify dark matter and dark
energy into a single component, most cosmologists consider them to be distinct
phenomena. There is currently no compelling evidence that they are related or
different aspects of the same underlying entity. The exact nature of both dark
matter and dark energy remains unknown. Ongoing research aims to directly detect
dark matter particles and better understand the properties of dark energy driving
cosmic acceleration.

Is there enough gravitation to stop the expansion of the
universe?

The cosmological constant was invented by Einstein to prohibit the expansion
or contraction of the universe. At the time he developed general relativity, Einstein
considered that an illogical possibility. The cosmological constant was discarded
after Hubble discovered the expansion, but has been re-invoked in recent years.

Gravitational attraction between galaxies is slowing the expansion of the
universe, but the amount of slowing down is not known directly. In fact, the
cosmological constant can counteract gravity’s effect. As recent measurements

indicate, the universe is expanding faster now than in the past—perhaps a
“modern inflationary era” in which the dark energy is thought to be causing the

expansion of the present-day universe to accelerate. If the expansion rate were
affected by gravity alone, we should be able to see that the expansion rate between
distant galaxies was once greater than it is now. However, measurements show it
was less than now. We can, however, calculate the amount of slowing based on the
average density of matter we observe directly. Here we have a definite
answer—there is far less visible matter than needed to stop expansion. The critical
density pc is defined to be the density needed to just halt universal expansion in a
universe with no cosmological constant. It is estimated to be about

pe ~ 10" kg /m*

However, this estimate of pc is only good to about a factor of two, due to
uncertainties in the expansion rate of the universe. The critical density is
equivalent to an average of only a few nucleons per cubic meter, remarkably small
and indicative of how truly empty intergalactic space is. Luminous matter seems
to account for roughly 0.5% to 2% of the critical density, far less than that needed
for closure. Taking into account the amount of dark matter we detect indirectly
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and all other types of indirectly observed normal matter, there is only 10% to 40%
of what is needed for closure. If we are able to refine the measurements of
expansion rates now and in the past, we will have our answer regarding the
curvature of space and we will determine a value for the cosmological constant to
justify this observation. Finally, the most recent measurements of the CMBR have
implications for the cosmological constant, so it is not simply a device concocted
for a single purpose. [1]

After the recent experimental discovery of the cosmological constant, most
researchers feel that the universe should be just barely open. Since matter can be
thought to curve the space around it, we call an open universe negatively curved.
This means that you can in principle travel an unlimited distance in any direction.
A universe that is closed is called positively curved. This means that if you travel

far enough in any direction, you will return to your starting point, analogous to
circumnavigating the Earth. In between these two is a flat (zero curvature)
universe. The recent discovery of the cosmological constant has shown the universe
is very close to flat, and will expand forever. Why do theorists feel the universe is
flat? Flatness is a part of the inflationary scenario that helps explain the flatness
of the microwave background. In fact, since general relativity implies that matter
creates the space in which it exists, there is a special symmetry to a flat universe.

What 1Is the Dark Matter We See Indirectly 7

The dark matter observed indirectly in the search for dark matter interactions is
typically stable or has a long enough lifetime to appear stable. Indirect detection
methods focus on the products of dark matter interactions, such as annihilation or
decay, which can produce observable signals like antimatter particles, gamma-rays,
or neutrinos. These methods aim to detect anomalies in cosmic rays due to dark
matter interactions, providing insights into the properties and nature of dark
matter particles. The indirect detection of dark matter plays a crucial role in
understanding the composition and behavior of this elusive cosmic component.
Scientists use tools like the Hubble Space Telescope to look for clues, like the way
gravity bends light from distant stars—a process called microlensing. This could
reveal objects like MACHOs, which are too dim to see directly but might make up
dark matter. Other candidates include faint stars and remnants like white dwarfs,
or even tiny black holes from the early universe. There’s also a chance that
neutrinos, tiny particles we thought had no mass, might actually have a little bit
of mass and be part of dark matter. Experiments like the Super-Kamiokande in
Japan are looking into this by checking if neutrinos can change ‘flavors,” which
would mean they have mass. It’s a cosmic mystery that scientists are still trying
to solve. [1]
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5.Complexity and Chaos

Complexity refers to the behavior of systems or models whose components interact
in multiple ways leading to non-linearity, randomness, collective dynamics,
hierarchy and emergency. It is characterized by the interactions of many parts,
resulting in a higher order of emergence greater than the sum of its parts. In
physics, complexity is particularly relevant when studying systems that are
inherently complex, suchas the primordial ocean or biological systems. These
systems may reveal patterns that simple systems do not, and understanding them
can lead to new insights and discoveries. In traditional physics, the discipline of
complexity may yield insights in certain areas. Thermodynamics treats systems on
the average, while statistical mechanics deals in some detail with complex systems
of atoms and molecules in random thermal motion. Yet there is organization,
adaptation, and evolution in those complex systems. Non-equilibrium phenomena,
such as heat transfer and phase changes, are characteristically complex in detail,
and new approaches to them may evolve from complexity as a discipline. Crystal
growth is another example of self-organization spontaneously emerging in a
complex system. Alloys are also inherently complex mixtures that show certain
simple characteristics implying some self-organization. The organization of iron
atoms into magnetic domains as they cool is another. Perhaps insights into these
difficult areas will emerge from complexity. But at the minimum, the discipline of
complexity is another example of human effort to understand and organize the
universe around us, partly rooted in the discipline of physics.[1]

A predecessor to complexity is the topic of chaos, which has been widely
publicized and has become a discipline of its own. It is also based partly in physics
and treats broad classes of phenomena from many disciplines. Chaos is a word
used to describe systems whose outcomes are extremely sensitive to initial
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conditions. The orbit of the planet Pluto, for example, may be chaotic in that it
can change tremendously due to small interactions with other planets. This makes
its long-term behavior impossible to predict with precision, just as we cannot tell
precisely where a decaying Earth satellite will land or how many pieces it will
break into. But the discipline of chaos has found ways to deal with such systems
and has been applied to apparently unrelated systems. For example, the heartbeat
of people with certain types of potentially lethal arrhythmias seems to be chaotic,
and this knowledge may allow more sophisticated monitoring and recognition of
the need for intervention.

Chaos is related to complexity. Some chaotic systems are also inherently complex;
for example, vortices in a fluid as opposed to a double pendulum. Both are chaotic
and not predictable in the same sense as other systems. But there can be
organization in chaos and it can also be quantified. Examples of chaotic systems
are beautiful fractal patterns such as in Figure 9. Some chaotic systems exhibit
self-organization, a type of stable chaos. The orbits of the planets in our solar
system, for example, may be chaotic (we are not certain yet). But they are
definitely organized and systematic, with a simple formula describing the orbital
radii of the first eight planets and the asteroid belt. Large-scale vortices in
Jupiter’s atmosphere are chaotic, but the Great Red Spot is a stable
self-organization of rotational energy. (See Figure 10.) The Great Red Spot has
been in existence for at least 400 years and is a complex self-adaptive system.
The emerging field of complexity, like the now almost traditional field of chaos, is
partly rooted in physics. Both attempt to see similar systematics in a very broad
range of phenomena and, hence, generate a better understanding of them. Time
will tell what impact these fields have on more traditional areas of physics as well
as on the other disciplines they relate to.[1]
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Figure 9: This image is related to the Mandelbrot set, a complex mathematical form
that is chaotic. The patterns are infinitely fine as you look closer and closer, and they
indicate order in the presence of chaos. (credit: Gilberto Santa Rosa)

Figure 10: The Great Red Spot on Jupiter is an example of self-organization in a complex
and chaotic system. Smaller vortices in Jupiter’s atmosphere behave chaotically, but the
triple-Earth-size spot is self-organized and stable for at least hundreds of years. (credit:
NASA)
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6. High Temperature
Superconductors

Superconductors are materials with a resistivity of zero. Because the resistance of
a piece of superconductor is zero, there are no heat losses for currents through
them; they are used in magnets needing high currents, such as in MRI machines,
and could cut energy losses in power transmission. But most superconductors
must be cooled to temperatures only a few kelvin above absolute zero, a costly
procedure limiting their practical applications. In the past decade,tremendous
advances have been made in producing materials that become superconductors at
relatively high temperatures.

Superconductivity was discovered accidentally in 1911 by the Dutch physicist H.
Kamerlingh Onnes (1853-1926) when he used liquid helium to cool mercury.
Onnes had been the first person to liquefy helium a few years earlier and was
surprised to observe the resistivity of a mediocre conductor like mercury drop to
zero at a temperature of 4.2 K. We define the temperature at which and below
which a material becomes a superconductor to be its critical temperature, denoted
by TC.(see figure 11) Progress in understanding how and why a material became a
superconductor was relatively slow, with the first workable theory coming in 1957.
Certain other elements were also found to become superconductors, but all had
TC less than 10 K, which are expensive to maintain. Although Onnes received a
Nobel prize in 1913, it was primarily for his work with liquid helium.

In 1986, a ceramic compound with a critical temperature (TC) of 35 K was
discovered, suggesting the possibility of higher Tc materials. By 1988, a
thallium-based ceramic reached a TC of 125 K. Superconductors above 77 K, the
boiling point of economical liquid nitrogen, have vast energy-saving potential
compared to costly liquid helium at 4 K. Despite initial excitement over these
ceramics, challenges in wire production emerged. The first commercial application
was a cellular phone filter, with ongoing research in thin film uses.
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Efforts to discover superconductors with higher critical temperatures (Tc)

continue, focusing on complex copper oxide ceramics and other elements. Ideal Tc
would be room temperature ( 293 K) for cost-effectiveness. Reports of Tc over 200

K exist, but reproducibility issues have led to the term "unidentified

superconducting objects" (USO’s). The theory behind superconductors, especially
high-Tc ones, is complex, involving quantum effects and electron coupling without
energy loss. Theorists are progressing towards understanding these mechanisms,

particularly challenging at higher temperatures due to atomic vibrations.
Discoveries in this field remain cautious and tentative.[1]

Some key properties of superconductors:

o When a metal is cooled below its critical temperature, electrons form pairs
called Cooper pairs that can flow without resistance. This allows electric
currents to persist indefinitely in a superconducting loop.

o Superconductors expel magnetic fields from their interior, a phenomenon
called the Meissner effect. This allows them to levitate above magnets.

o Common superconductors include mercury, lead, niobium alloys, and ceramic
compounds like yttrium barium copper oxide (YBCO). In 2020, a room-
temperature superconductor was discovered under high pressure.

o The ability of superconductors to carry large currents with no energy loss
makes them valuable for many applications, though their use is currently
limited by the need for cryogenic cooling. Ongoing research aims to develop
superconductors that work at higher temperatures.[6]

Technological Application of superconductors:-

. MRI machines use superconducting
magnets to generate powerful and stable magnetic fields, critical for high-
resolution imaging of the human body.

. Superconducting cables in electrical grids can transmit
power with minimal energy losses, significantly improving the efficiency of
electrical distribution networks.

. used in research facilities like the large Hadron Collider,
superconducting magnets steer and accelerate particles to high speeds,enabling
groundbreaking scientific discovering.
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Superconductors are pivotal in the development of
qubits for quantum computing, offering faster processing speeds and more
efficient computers.

Magnetic levitation (maglev) trains utilize superconducting
magnets to float above tracks, eliminating friction and allowing for higher
speeds and quieter operation. [7]
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7.0ther Unanswered questions in
physics

Unanswered questions in physics encompasses a wide array of fundamental
mysteries that continue to challenge scientists. Some of the unslolved questions are
discussed below.[1][8]

1. Is the universe open or closed? Theorists would like it to be just barely closed
and evidence is building toward that conclusion. Recent measurements in the
expansion rate of the universe and in CMBR support a flat universe. There
is a connection to small-scale physics in the type and number of particles
that may contribute to closing the universe.

2. What is dark matter? It is definitely there, but we really do not know what
it is. Conventional possibilities are being ruled out, but one of them still
may explain it. The answer could reveal whole new realms of physics and
the disturbing possibility that most of what is out there is unknown to us, a
completely different form of matter.

3. How do galaxies form? They exist since very early in the evolution of the
universe and it remains difficult to understand how they evolved so quickly.
The recent finer measurements of fluctuations in the CMBR may yet allow
us to explain galaxy formation.

4. What is the nature of various-mass black holes? Only recently have we
become confident that many black hole candidates cannot be explained by
other, less exotic possibilities. But we still do not know much about how they
form, what their role in the history of galactic evolution has been, and the
nature of space in their vicinity. However, so many black holes are now known
that correlations between black hole mass and galactic nuclei characteristics
are being studied.
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. What is the mechanism for the energy output of quasars? These distant
and extraordinarily energetic objects now seem to be early stages of galactic
evolution with a supermassive black-hole-devouring material. Connections are
now being made with galaxies having energetic cores, and there is evidence
consistent with less consuming, supermassive black holes at the center of
older galaxies. New instruments are allowing us to see deeper into our own
galaxy for evidence of our own massive black hole.

. Where do the v bursts come from? We see bursts of v rays coming from all
directions in space, indicating the sources are very distant objects rather than
something associated with our own galaxy. Some 7 bursts finally are being
correlated with known sources so that the possibility they may originate in
binary neutron star interactions or black holes eating a companion neutron
star can be explored.

. How do phase transitions take place on the microscopic scale? We know a
lot about phase transitions, such as water freezing, but the details of how
they occur molecule by molecule are not well understood. Similar questions
about specific heat a century ago led to early quantum mechanics. It is also
an example of a complex adaptive system that may yield insights into other
self-organizing systems.

. Is there a way to deal with nonlinear phenomena that reveals underlying
connections? Nonlinear phenomena lack a direct or linear proportionality
that makes analysis and understanding a little easier. There are implications
for nonlinear optics and broader topics such as chaos.

. How do high- Tc superconductors become resistance less at such high temper-
atures? Understanding how they work may help make them more practical or
may result in surprises as unexpected as the discovery of superconductivity
itself.

. There are magnetic effects in materials we do not understand—how do they
work? Although beyond the scope of this text, there is a great deal to learn
in condensed matter physics (the physics of solids and liquids). We may find
surprises analogous to lasing, the quantum Hall effect, and the quantization
of magnetic flux. Complexity may play a role here, too.
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. Are quarks and leptons fundamental, or do they have a substructure? The
higher energy accelerators that are just completed or being constructed may
supply some answers, but there will also be input from cosmology and other
systematics.

. Why do leptons have integral charge while quarks have fractional charge? If
both are fundamental and analogous as thought, this question deserves an
answer. It is obviously related to the previous question.

. Why are there three families of quarks and leptons? First, does this imply
some relationship? Second, why three and only three families?

. Are all forces truly equal (unified) under certain circumstances? They don’t
have to be equal just because we want them to be. The answer may have to
be indirectly obtained because of the extreme energy at which we think they
are unified.

. Are there other fundamental forces? There was a flurry of activity with claims
of a fifth and even a sixth force a few years ago. Interest has subsided, since
those forces have not been detected consistently. Moreover, the proposed
forces have strengths similar to gravity, making them extraordinarily difficult
to detect in the presence of stronger forces. But the question remains; and if
there are no other forces, we need to ask why only four and why these four.

. Is the proton stable? We have discussed this in some detail, but the question
is related to fundamental aspects of the unification of forces. We may never
know from experiment that the proton is stable, only that it is very long
lived.

. Are there magnetic monopoles? Many particle theories call for very massive
individual north- and south-pole particles—magnetic monopoles. If they
exist, why are they so different in mass and elusiveness from electric charges,
and if they do not exist, why not?

. Do neutrinos have mass? Definitive evidence has emerged for neutrinos having
mass. The implications are significant, as discussed in this chapter. There are
effects on the closure of the universe and on the patterns in particle physics.

. What are the systematic characteristics of high- Z nuclei? All elements
with Z=118 or less (with the exception of 115 and 117) have now been
discovered. It has long been conjectured that there may be an island of
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relative stability near Z=114 , and the study of the most recently discovered
nuclei will contribute to our understanding of nuclear forces.

34



Generally, in this paper we overviewed the following main points:

» Cosmology and particle physics explore the universe’s origins and charac-
teristics, supported by evidence like red shifts and the cosmic microwave
background, suggesting a Big Bang event. The universe’s large-scale prop-
erties and matter-antimatter balance are linked to particle physics, tracing
back to epochs shortly after the Big Bang and the unification of forces.

o General relativity, encompassing gravity and accelerated frames, predicts
phenomena like gravitational lensing and black holes, with the Schwarzschild
radius marking the event horizon. Quantum gravity seeks to integrate general
relativity with quantum mechanics, aiming for a theory of everything (TOE).

o Superstring theory proposes that fundamental particles are one-dimensional
vibrations, offering a potential quantum gravity framework. Dark matter,
detected through its gravitational effects, may vastly outweigh luminous
matter and determine the universe’s fate as open or closed, hinging on the
critical density and cosmological constant.

o Complexity and chaos study systems with unpredictable evolution due to
extreme sensitivity to initial conditions, with applications across disciplines.
High-temperature superconductors operate well above a few kelvin, with
some reaching over 125 K, promising energy-efficient technologies.

Physics continues to pose questions on various scales, from dark matter and black
holes to phase transitions and fundamental particles, driving the quest for deeper
understanding and new discoveries.
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