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Deepening Mysteries

"In the world of quantum, where particles dance,

Nothing is certain, all is by chance.
Wave or particle, both or none,
The mystery deepens with each rising sun."

- Anonymous physicist's poem, 1960s
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Recent Developments and Future Horizons

"In the quantum realm, invisible to eye,
Where particles leap and waves multiply,
A century of questions, deep and profound,

Have left us with mysries yet unbound."

- Contemporary physiesmspired verse, 2015
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Foreword

National Competition of Essay Writing in Physics (NCEWP) of Indian Association of Physics teachers
is a permanent feature in the annual calendar of its activities. This yedndseatibly special year on

the timeline of the development of Physics and is marked by the celebrabideroftional Year of
Quantum Science and Technology 2025 his volume of An Ensemble of Surround Physics is fifth
such volume celebrating the brodeemne:A Journey of Hundred Years of Quantum Mechanics
However, within the scope of this theme, it is expected that different people will bring a different
perspective, looking at it from different vantage points, i.e., what has happened precisely. A clear
distinction emerges as authors of these essays try to make a distinction between Quantum Revolution 1
and Quantum Revolution 2. There are lot of historical facts in each essay with pictorial embellishments
to put forth the concepts involved. Vocabulary@fantum Revolution 2.0 is resonating in each essay.
Students and teachers are on an even keel.

As is often said Quantum Mechanics is Weird and to overcome this weirdness one must learn to
understand and systematize that understanding into a good scienmtifposition which attracts the
reader and binds it till the end. Authoring an essay is a good step to move in the direction of creative
thinking and provides good training in communication skills. The winners of this competition have
amply demonstratettheir range of skills in writing their respective contributions.

In getting together this set of essays a lot of hard work has gone into it by NCWEP core team led by
Prof. Santosh Joshi, Coordinator of this competition and the judges drawn from acrossriting. |
congratulate the participants whose essays find place in this collection and also to those participants
whose essays are not in this collection. Participating in this process has many rewards, and all the
participants have benefitted from tipiocess.

With best wishes and warm regards.

S k. Abduselin

Pr oPfK. Ahl uwal i a
22.12.2025 Nati Bnasi dent
Il ndi an Associati onl ARI1



Preface

Writing makes one perfectamdr i t i ng an essay even mor e

National Competition on Essay Writing in Physics (NCEWP) is one of the four national compe
held by IAPT every year. The competition is open to participants in two categories, viz., stude
teachers (including Sence Communicators).

Category A1 Students of Higher Secondary /Jr. College, UG and PG levels;
Category BT Teachers of Higher Secondary/Jr. College, UG and PG institutions, also S
Communicators working in recognized institutions.

Since 2019, dueotthe Covid Pandemic, NCEWP was conducted by submitting the essays tl
e-mail. Subsequently, an idea eBeok containing the collection of Awarded essays was give
our President IAPT Prof. P. K. Ahluwalia. | am extremely thankful to our Presidetiti§ novel
suggestion.

To get an overview of this essay competition, you can visit the NCEWP page on our w
https://www.indapt.org.in/f/essayriting-ncewp19875?sorce=view

You can also download the winning essays from the past competitions availattlecks e

Surround Physics: Collection of Prize Winning Essays

1. e-bookon-essaycompetitiornncewp2019t0-2021 (1).pdf

e-bookvolume2physicsbehindclimatechangeyear2022.pdf

2. Physics behind climate change
3 e-book(find)Volume-3.pdf

" |Physics in Forensic Science
4 e-book(final)Volume4(1).pdf

Physics of Music and Musicatdtruments 2024

Now this most receriWolume-5 on the topidci A Jour ney of 100 year
includes 16 essays awarded in tABT Essay Competition NCEWP-2025

UNESCO declared 2025 as the international year of Quantum Science and Tegchndlug light
our topic for the Essay CompetitionwasA Journey of 100 years

The essays were evaluated by three experts and aggregate marks were considered towarc
results. All entries were checked for plagiarism bg. Mlegative marks were assigned by

evaluators for coppaste instances. We are very much thankful to the expert evaluators Dr
Deshpande, Dr. Neetu Verma, Dr. Mihir Pal, Dr. Sapna Sharma, Dr. D.A. Deshpande and Dr.
Majumdar for their volutary services in this competition.

Many IAPT members helped in getting essay entries from their regions: | am thankful to Dr.
Singh, Prof. Y. K. Vijay, Dr. Sarmistha Sahu and Dr. Ranjita Deka.

S

0é.


https://www.indapt.org.in/f/essay-writing-ncewp-19875?source=view
https://www.indapt.org.in/api/campusfeed/downloadCfFile?blog_id=20296&file_name=1169_1717283531_a8b1a8f3dc2dd79fc18c4f4214552893.pdf
https://www.indapt.org.in/api/campusfeed/downloadCfFile?blog_id=20296&file_name=1169_1717283531_715a03d4c2b4a899f8f56f1de278b0c8.pdf
https://www.indapt.org.in/api/campusfeed/downloadCfFile?blog_id=20296&file_name=1169_1717283532_bf214e33087272bd602624d24666d503.pdf
https://www.indapt.org.in/api/campusfeed/downloadCfFile?blog_id=20296&file_name=1169_1729490320_ccef91147d7627fb9e1ee819ee56342f.pdf

| am extremely thankful to our President ProfKP Ahluwalia and General Secretary Prof. Rel
Ghorpade. | sincerely thank all EC Members, Office bearers of RCs, all Vice Presidents IAP’
B. P. Tyagi and Prof. Manjit Kaur. Apart from this, | am also thankful to my committee membe
Viresh Tha&kar, Dr. Runima Bighya and Dr.V. Rajeshwar Ralhanks to Kanpur Office: Dr. Sanje
Sharma, Dr. D. C. Gupta and Vinod ji for their excellent help in the Prize Distribution Cere
Finally, I am thankful to all the participants of Essay competition thnde who helped me i
conducting this event directly or indirectly.

As an editor, | have only tried to rectify language errors and made the formatting more cor
The basic content of the essays has been kept as it is. In the end, | am very nidchtth@ambodhi
Translation Services, Indore for their professional services in getting-tliske(\VVolume5) out in
the current shape. In the last part of thisoek, the Guidelines for Essay Writing and Develop
Skills for Science Communication habeen included as an Appendix.

10-12-2025 " S K Joshi
Coordinator NCEWP & Editor of e -Book
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IAPT National Competition on Essay Writing in Physics (NCEMZP 052 CategoryA (A Journey of 100 years of Quantum Mechahic

Quantum Mechanics Physics Redefined

Yashvardhan Singh Varma
Vardhmaninternational School, Jaipur, Rajasthan

Key words: Quantumgnergy, Technology, Superposition, Entanglement
Abstract

Physics is better known as the science of everything. Howteeeg, are a lot of things thawen physics
couldnotrigorously explain. When it seemed like everything was solved, Max Planck degidleange

everything. His venture into bladdody radiation led to the emergence of a whole new branch of physics
known as 6Quantum Mechanicsbéb. I't is a branch whi
are being researched upon right now. Etrenelectronics we use work on the principles of quantum
mechanics.

This essay aims to delve into this extensively studied branch of physics, and provide insight about its
past, present, and the future. It aims to provide a broad idea about basic quizeriomena and their
applications in different fields. It covers the implications of general ideas like quantum superposition
and entanglement, and explores the first and second quantum revolutions.

Introduction

Back inthe 18th century, physicists thougtitat there was little remaining to be discovered in the
universe. With the advent of Newtonian mechanics, almost every phenomenon was understood.
However, there was still a lack of advancements in electromagnetism as many phenomena like the
nature of lightand heat remained unresolved. This challenged Newtonian mechanics.

Newton considered light to exhibit particle nature, but Huggeoposed a wavtheory. Later in 1801,
Youngossldiotubdxperi ment s h eandthedebdte Was getdtéronvasitvav e n a
We shall find out through this oversimplified essay.

Then there were the major uncertainties in atom
good enough representation. But there was a huge unanswered gudktlattrons orbithe nucleus,
shoul dnét they | ose energy over time and coll ap

foreshadowing the fire that was about to ignite.

The Ultraviolet Catastrophe

An ideal Blackbody is defined as a body which absorbs hundrecepéenf the radiation incident on it.
A good absorber is a good emitter. The Rayleigans law attempted to quantitatively explain this
phenomenon. It described the intensity of emitted radiation as a function of frequency or wavelength.

The Rayleighleas | aw f or wavelength & i s given as,
2ckgT
By(T) = ,148



Whered,("Y is the spectral radiance, c is the speed of lighis the Boltzmann constant, afids the
temperature in kelvins.

This however would imply that as the frequency increases, the intensity afceraitiation approaches
infinity. This | ed to a discrepancy in theoreti
catastropheo
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Figure 1- The comparison between classical predictions and the observed

Max Planck and the First Quantum Re\lution

In order to resolve the ultraviolet catastrophe, Planck made a simple assumption thatgles ene
absorbed and emitted are not continuous, rat her
(E) to be directly proportional to wave frequgrit). Thus, he came up with the equation:

o= °
Where h is the Planckd¥ constant, which is 6.626

Planck 6s Law of Bl ack Body Radiati on

Based on the quantization of energy, Planck derived an accurate law to predict spectral radiance at any
tenmperature,
2hv3 1

c2 ehv/kT — 1

B.(T) =

Where B(T) is the spectral radiance atatemperaiytd s t he Pl anckds constant,
of a photon.

The introduction of the concept of quantization of energy was revolutionary as it gave rise to a new
branch of physicschle d 6 Quantum Physics6é, which is stildl (
guantization of energy through the photoelectric effect.

The Photoelectric Effect

In 1887, Heinrich Hertz observed that if he shined ultraviolet light on two metal electrpdddsng
occurred. This led him to conclude that there is a voltage change because of the light, and therefore light
must have the ability to eject electrons from a metal surface.
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Figure 2- Ejection of

According to classical electromagnetism, light was a |
electromagnetievave. It was predicted that the energy due to |
waves is accumulated in the electrons, and they are ejected wh
accumulated energy crosses a certain threshold. It was deter
that the rate of ejecting electrons was diyegroportional to
intensity, kut it was shown experimentally that the kinetic rggyeof
the ejected electronyhether it would even eject depends on
frequency of incident light rather than its intensijjowever, a
complete explanation was provided by Albert Einstein irbl&ised
on the concept of quantization of energy.

He proposedhat light is not a pure cwinuous wave, and instead
photoelectrons from a surface  consistsop ac ket s of energy (Il at el

He determined that diffené amount of energy was required to eject a photoelectron from different
surfaces.
as: W = o, where ois the threshold frequency of the material.

met al

Thi

S

mi

ni mum energy (W) is

known

Energy de to frequencies higher than the work function becomes the kinetic energy of ejected electron.

The study of
has a dual wavparticle nature. This proddo be a majr stepping stone for modern advancements in
guantum physics.

photoelectric effect proved PI

The Structure of the Atom
1. The Bohr model and its limitations
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Fig. 31 The energy spectrum of the hydrogen atom
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Niels Bohr theorized a model of the atom ba:
on quantized energy levels. It explained -
stability of atom, and the emission
absorption spectra using the quantum the:
somet hing Rutherford
Bohr considered electrons to revolve around
nucleus in fixed discrete energy levels or sh
or orbits. The difference between the energie
two discretesnergy levels was calculated by

qo= f=Q i Of), wheref is the frequency
andhi s t he Planckds c

According to the Bohr model, the ground st
of an electron is a state with no changes in
energylevels. An electron may be excited |
6 p h o too quania, and move to higher
energy state. Thelectron would then dexcite,
and emit energgo return to its ground state.

Bohr s model however
the behavior of single electron species

ancka®ao



It failed to provide accurate predictions for atoms with more than one electron. De Broglie then
theorized electron to be a physical circular st
circular orbits

2. The Quantum Mechanical Madel

L The quantum mechanice
j model of the atomr
L N developed primarily by
Y Erwin  Schrodinger anc
? 4 i P i y Werner Heisenberg too
into account the dual natui
‘ o 15 e of electron. Schrodinge
z ‘ ‘ extended De
| ) ‘i o ; oy ; Wy : v work. Instead of &ving
) 4 « e ) * J ) fixed orbits, Schrédinge
JA:, % . "; & k g X believed elecons to be
) 5 T 2 L o . physical ~ waves.  He
b v @& 4 o L o . L. described the: electron i
) terms of 3D wave
{I‘:: By . O O - i functions, represented k
SR ; "6y 0.
Figure 4- Orbital shapes and orientations
However, it is important to note that the waves
areprobability waves. The square of the wave functip? gives the probability of an electron being
near a certain point in space. The simplest forn
is the Hamiltonian opgofthesgstemand OEO6 is the total

Spherical harmonics and the Laplace operator lay the fundamental mathematics of the guantum
mechanical model. Every electron has a unique identity, identified using four quantum nuhders
principal qguant um n uwmbvels, thesazimithhl guantumoumBer fepreSenting n e r g
shape of the orbital, the magnetic quantum number representing orientation in space, and the spin
guantum number describing the quantum spin of electron.

The regions in space with the highest probabdity f i ndi ng an el ectron are
regions with zero probability are called nodes.

Heisenbergbdés Uncertainty Principle

Hei senbergbés uncertainty principle is a cornerst
nature of quatum particles. It states that one can never correctly measure the momentum and position

of a quantum patrticle simultaneously. The uncertainty in the measurement is inevitable. If there is high
certainty in an el ectr onudcertaiptpisiis méomenium andkieewversa.h er e
Mathematically,

AxA >h
xp__4n
Where wvis uncertainty in positiongii s t he uncertainty in moment um,



Technological Advancements in the First Quantum Revolution

The above developments were just the beginning of the most influential branch of physicewakich

the world by storm. And thus, the foundation of quantum physics is laid. These discoveries would
change the world forever. Quantum physics plays a major role in fields such as information and
communication technology, quantum computing, data stoedfigient energy transfer, etcetera...

Semiconductors

Semiconductors are materie
which  have  conductivity
greater than insulators but le
than conductors. They wor
by controlling the flow of
electricity. A semiconducto
contains valence bands ai
conduction bands, and relie
on quantum energy levels fc
their functioning. There is
6band gapb6 b
'Bands" are Valence bands which can block
composed of band allow  electron  flow.
C|OS.e|T/ spaced Semiconductors are controlle
orbitals ' by introducing impurities, ol
changing physical factors lik
temperatire and light.

SRy T

Conduction
band

i

Y

d  Interatomic distance

Figure 5 Working of a semiconductor

Transistors

A transistor is a semiconductor devi
which can control the flow of electric:
signals. It consists of three terminais
base (or gate), a collector (or drain), €
an emitter (or sowe). The curren
flowing between the collector and emitt
can be controlled by controlling tr
\ voltage at the base, thus controlling 1
strength of electrical signals. Transistc
can act as switches or amplifiers. TI

B{ allows for efficient power usagéaster

|

3
r

signal processing, and memory stora
. Flash memory works by movin
C ' electrons on or off a small metal surfa
within a transistor by quantur
tunnelling. These on and off stat
represent 0 and 1 in binary system

Figure 6- Transistor



Laser

Laserst ands for 6l ight amplification by stimul ateodc
excited atoms to produce more photons; this amplifies the intensity of light. It is based on the concept

of specific energy levels as atoms excite anéxigte to emit photons. Lasers provide highly focused,
monochromatic light. They have many applications in laboratories, in medicine, and in industries

Magnetic Resonance Imaging (MRI)

It is a device used in medicine to map the internal structure of thelboglies on the nuclear spin and
magnetic moment of hydrogen atoms abundant in human tissue. The hydrogen atoms align themselves
when placed under a strong external magnetic field and radiofrequency pulses are shot to excite them.
The deexcitation energyelease is mapped and a visual of the internal structure is mapped.

The Second Quantum Revolutiori Shaping the Revolution
The second quantum revolution was defined by the disco¥ehgdollowing quantum effects:

1. Quantum Confinement: It is a phenomemn observed at nanoscale. When the dimensions of a
material (called quantum dots) are so small that the movement of electrons becomes restricted,
changes in materialds electronic and optical p
pushed ser together, requiring more energy to separate them. Thus, size changes the energy of
light required to activate the semiconductor. In large materials, energy levels are continuous but in
guantum nanoparticles, the energy levels become quantized. flicturgts used to achieve

confinement are called équantum wel |l sb
2. Quantum Tunnelling:  Quantum Classically
tunnelling is a quantum mechanic forbidden

phenomenon where particles can Yo 4 Fegion
found in regions forbidden by classic
mechanics. Consider a ball rollir
towards a hill. Ithas some initial
kinetic energy which gets converted . . :
potential energy as it climbs the hi  INcoming particle

. vefunction
However, it can only reach a certe wavelynetio

E

particle energy

height before it rolls back down. But \ [\ ;. -particle wavelunction
: past the barrier
the ball was to quantum tunnel,
would cross the hill despite not havi i b g N IR N
enoughkinetic energy to break th LP ; . y
i ; incident | exit
potential energy barrier. At th
quantum scale, this phenomen Reduced probability
?ccu.rs becart:se acgordlng to the wi but not reduced
unctlor.1,. there is .a nemero energy!
probability that the particle penetrat
the potential barrier and appear on - Figure 7- Quantum Tunnelling

other side.
The probability decreases exponentially as the size and mass of the particle increases.



Fun fact: There is a 1 in 5%chance that you slam a table and your hand passes through it, thanks to
guantum tunneling.

3. Quantum Entanglement: It is a phenomenon where two or more distinct qguantum particles
become linked in some way such that they share the same quantum state regardless of their relative
position in space. So, if a property of one particle is measured, the cowlegpproperty of all the
particles entangled to it are affected instantaneously. Einstein described this phenomenon as

6spooky action at a distanced because it seeme:q

despite its instantaneous natutedoes not allow for fastehanlight communication. This major
phenomenon is a key driving element which gave rise to the second quantum revolution.

4. Quantum Superposition: It is a fundamental concept of quantum mechanics where a quantum
particles Ike electrons can exist in more than one guantum state at the same time, until measured.
This means that the electrondés properties |
are measured. Instead, they exist as all the possible states &nomgeas superposition. And
when these properties are measured, the superposition states collapse into a definite state.

The famous thought experiment called 6Schro°odi
Consider a closed box with a dait, enclosed with a device which has a 58&bability of killing

the cat. Then as long as no attempt is made to identify whether the cat is really dead or alive, it
exists in a superposition where it is simultanépdsad and alive. And only upon opeg the box

does the superposition collapse into a definite state of dead or alive.

5. Quantum Interference: It is a phenomenon relying on the wdike properties of quantum
particles. It causes the probability waves to interact and interfere constyuctiveéstructively,
thereby increasing or cancelling the amplitude of the wave. The dslitbéxperiment provides
sufficient evidence for this phenomenon. When electrons are sent through a double slit, an
interference pattern is observed on the screbimtieeven though each particle is thought to pass
through only one slit.

6. Quantum Coherence:Simply speaking, it is the tendency of a quantum system to show quantum
superposition and entanglement. It is very fragile and can be lost due to interactions wit
environment. This loss of coherence changes the quantum state into a classical one and is termed
guantum decoherence. It is a major challenge in quantum computing because even a tiny interaction
could make the quantum state collapse.

Some Recent Develapents in Quantum Mechanics

The ongoing advancements in computing and information transfer guided by the discoveries of late
20th century in guantum mechanics are termed as the second quantum revolution. It is still under way
and new technologies are emeaggrapidly.

Quantum Computing: It is a revolutionary computation technique based on the concepts of
superposition and entanglement. Classical computers use bits (0 and 1) to represent information.
However, quantum computers rely on qubits which can exst asuperposition of 0 and 1
simultaneously, allowing it to explore even more possibilities faster. Qubits can also be entangled with
other qubits. Quantum computation is still in early stages of development as improvements in hardware
are required. But thas huge potential t@volutionizefields where classical computers struggle.



Quantum Teleportation: It is a technique to transfer quantum information from one location in space
to another without physically moving the particle. It works on the priacgsl entanglement, and
transfer of information by transfer of quantum state.

Quantum Energy Teleportation: It is a field currently under research which aims to achieve energy
transfer between two quantum particles at different points in space, withoidgblgyshanging their
positions. Unlike quantum teleportation which can only transfer information, this aims to transfer
energy across quantum entangled particles.

Machine Learning: Machine learning is a field of artificial intelligence which allows aesysto learn

from data and improve over time without programming. Quantum machine learning (QML) is its
counterpart which utilizes quantum technologies to enhance performance. Research is undergoing about
the potential applications of phenomenon like sppsition and entanglement in machine learning.

Quantum Sensing: Quantum phenomena can be used to make sensors more sensitive. These sensors
are so precise that they can detect minute changes in gravitational fields. They are based on changes in
guantum sites due to interactions with environment.

Quantum Well Infrared Photodetctors (QWIPS)

QWIPs are based on tt
concept of quantun
confinement. They us
quantum wells to creat
discrete energy levels.
the energy of inciden
infrared photon is th
same as energy Qe
between two energ
levels, the electron get
excited and allows us t

Collector detect infrared light.
Figure 8 - Working of QWIP

Photon
Electron -
o=

Emitler

Conclusion

We have seen how a single problem created a whole new branch of physics. There are a lot of things

not exphined by science, and this is what makes science worth studying. Before concluding, we cannot
forget the ontributions of Richard Feynman quantum electrodynamics (QED) in 1940s which

explained interactions between particles. He was the first to cergalantum mechanics and special
relativity through QED. Werner Heisenberg | ed ¢t}
Now in 2025, it has been 100 years since the emergence of modern quantum physics. In order to
commemorate the 100 yearsofth e devel opment s, UNESCO has announ
Year of Quantum Science and Technol ogybo.

The future holds innumerable possibilities in the field of quantum mechanics. Research is progressing
at steady rate to enhance current technolobgrd are still many hurdles to overcome in order to fully
harness the power of quantum mechanics in our daily lives. In the future, modern technologies may be
more accessible to the general public. Decoherence is a major challenge in quantum comptitieg, and

8



hardware is not efficient enough. Even though we have achieved a lot, there is still a lot more to achieve.
In the future, teleportation as we see infsmovies might become real. But that may be toeféached.

Further developments of quantum rhanics in the field of artificial intelligence maggvolutionize
(revolutionize)it forever. Nanetechnology might become a common thing. But one thing is certain;
thereshall be a rise of quantum mechanics for the good of humanity.
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Abstract

Quantum mechanics, one of m aersbatomic dealm, imidialyt facedd v a n ¢ ¢
fierce resistance. Physicists called it outrageous for defying classical intuition and dismissed it as mere
mathematical trickery, not reality. Yet today we recognize it as the universali.gutmature is
inherentygant um. Thi s essay chronicles the journey f
to the enigmatic quantum universe, sparked by crises that classical mechanics failed to explain. It then
explores how this understanding sparked two technologicalutexts: the first and second quantum

revolution which reshaped society. While quantum mechanics challenges our perception of reality, its
empirical success and transformative applicatio
testamenttothewier sed6s i nherent wonder.

1. Introduction
AQuantum Mechanics is Magico

- Daniel M. Greenberger at the 1984 Symposium on Fundamental Questions in Quantum Mechanics
organizeday the State University of New York.

I have always been fascinated with magic showsesimy childhood. Hence when | read about
phenomena like quantum tunneling, quantum teleportation, quantum entanglement, stimulated emission

of radiationetc.in my undergraduate classes of quantum mechanics, my mind instantly leapt to various

magic tricks | i ke 6éwal king through a brick wal/l magi c
reappearing magicbé for guantum teleportation, (
Omul tiplying magicd for stimul at edstsékaiNsDavidon o f
Mermin and Daniel M. Greenberger, known for their contribution in quantum information, often
described the phenomena of quantum mechanics as

But is Quantum Mechanics realtgagic? Well it is absolutely notQuantum Mechanics isa welt
established scientific framework that describes thehavior of matter and energy at the smallest
scales atoms, particles and photondts phenomena are governed by established mathematics
Schr°dinger 6s equatHieins emslheertainty Priaciple @ta. Yehdespipelite s
scientificity, the result it yields defies classical intuition that seems closer to magic than reality. In this
essay | will showcase the very underlying magical nature of Quantum Mechanics and why great
physicst Richard Feynman ever commented:

fil think | can safely say thatobody understands quantum mechanicghe difficulty really is
psychol ogi cal and exists in the perpetual t or me |
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can it be chis&reflectidm afar?udcontrdiléd but utterly vain desire to see it in terms of
something familiarBut nature is not classical, dammit, the imagination of nature is far greater than
the i magination of man. o

2. Pre-Quantum Era and the Dark Looming Clouds

Over the years, physics has revealed many mysteries from the deep cosmos to the subatomic realm. Yet
we are painfully well aware that there lies even more beyond the now existing physics. But nearly a
century ago, that was not the case. By the late 18thige every common person and physicist believed

that physics was nearing its complete state. From successfully predicting the existence of a new planet
in the Solar systemNeptune, to that of the nature of light as an electromagnetic wave, classical
medanics became a celebrity. The blind trust on classical mechanics reached its peak when a celebrated
experimentalist like Albert Abraham Michelson, one of the prime experimentalist of the famous
MichelsonMorley experiment (1887), in 1894 dedication of tdaiversity of Chicago's Ryerson
Physical Laboratory, famously remarked:

fi | t  prebabieshat most of the grand underlying principles have been firmly establistnebthat

further advances are to be sought chiefly in the rigorous application of thessppes to all the
phenomena which come under our notice. It is here that the science of measurement shows its
importance where quantitative work is more to be desired than qualitative work. An eminent physicist
remarked that théuture truths of physicascience are to be looked for in the sixth place of decintals.

However this conwtion soon crashed when the™&ntury classical mechanics failed miserably to
explain the various physics problems they once thought to be insignificant. In 1900, Lardaf¢he

Royal Institution of Great Britain delivered a lecture titlhdineteenth century clouds over the
dynamical theory of heat and lightt/here he called these problems the looming clouds, casting a dark
shadow in the seemingly clear sky of physithile Kelvin famously identified two specific "clouds”

the failure of classical physics to explain heat capacity at low temperatures and the Mittalegn
experiment's null result in the context of wave nature of light in a mechanical meteitnih was

that, multiple fundamental problemislackbodyradiation spectrum, atomic spectra, specific heats of
solids, photoelectric effecetc, had already been accumulating for decades. Hence at the 1911 first
Solvay Conference, these problems were ctillely recognized as a crisis by Hendrik Lorentz. This
gathering of greatest physicists marked the first official acknowledgment that these weren't isolated
issues, but rather symptoms of a deeper revolution needed in our understanding of nature i.e. the
beginning of the first quantum revolution. So let's taldeep dive into what these™M@&@ntury physics

crises were!

3. Blackbody radiation spectrum and birth of Quantum Mechanics

The late 19 century presented physicists with an extraordinary challengehvighthe explanation of
the unusual radiation spectrum of blackbodies. It was not just any ordinary theoretical gap that needed
a few fixes but a catastrophic one that threatened classical physics!
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A blackbody is defined as an idealiz
body that abarbs all radiations incider
on it and emits all the radiations wh

‘-. The "Ultraviolet
» Catastrophe”

K 5
\"" . heated. These emission by a blackbod
g b different temperatures creates t
E s HOHY blackbody raQ|at|on spgctrum. It
. Jeans Law characterizedwith a continuous curve
following both W
Planck amT=b and StefaBo | t z man

Radiation

s . E = . THowever, when physicists trie
ormula .

to derive its spectral function usir
classical mechanics, they repeate
failed
Fig 1: Blackbody radiation spectrum In 1896, Wilhelm Wien pioneered
Source: ResearchGate theoreti@l approach to derivine
distribution law for blackbody radiation spectrum using thermodynamic and classical ste
which comes out as below

Wavelength of radiation in nm

8mh v3
u(v)ov = 3 ST ov

In 1899, Lummer, Kurlbaum, Pringsheim and Ruben conducted various experiments on bla
Their datac o r r o b o r a distridutioblawe solélysat higher frequency regime. By 1900
became indisputable that Wi ends distribut
of 1900, Lord Rayleigh derived the distribution law for the blackbodyatiath spectrum using
equipartition theoremwhich was then the cornerstone of classical statistical mechanics
derivation comes out as below

8K, T

CB

w(v)ov = véov

However, this formula soon revealed a critical flaw. While it worked for lower frequency, it divi
catastrophically at higher frequency, predicting infinite energy emission. Thus neitheiPWiem n

norRayleigh eans d® di stri bution | aw could fully
of the more established Rayleighe a n s 6 d iwsat higheb ftetuencipe. ultragiolet region
prompted Paul Ehrenfest in 1911 to coine

radiation spectrum disaster by classical mechanics.

This devastating failure of classical mechanics to expldachkbody spectrum soon reached M
Pl anck, a staunch <cl assical physicist wh

desperate attempt to make Wien's distribution law fit for lower frequency, Planck took a di
approach which he latepoke of as just a mathematical trick. Instead of using equipartition the
which assumed energy to be distributed equally among all modeéakhyf, he used the concept
quantization of energye. energy is absorbed, emitted or distributed in detcpackages calle
gquanta anegach quanta has an energyshv. This led to his most revolutionary derivation of
distribution law as:

8rh p?

u(v)ov = ?{e (ho/KpT) — 1) dv
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This empirical formula bridged both spectral regimes i.e approximated-Miem nc k d6s | aw at
frequency and converged to Rayleijle a nw for Idwar frequency. Hence, for resolving the

bl ackbody spectrum paradox, Max Planck in 1918 r
simple mathematical trick @fuantizingenergy turns out to be the hidden reality of the world and went

on tocreate a new branch of physics called@uantum Mechanicsin 1900. What a nice way to start

a new century!
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Figure 2: In classical mechanics, energy absorbs or emitontinuously like a steep platform, while in
quantum mechanics, energy absorbs or engitin packets like steps.
Source: The Quantum Atlas/Eileen Stauffer

4, Photoelectric Effect and the Expansion of Pl an

While Planck, the founder of quantum mechanics, hesitated to accept the regligntizationof
energy in the early 20centuy, it was Albert Einstein who recognized its profound implications and
demonstrated it through the explanation of the photoelectric effect.

Photoelectric effect is a phenomenon where electrons are emitted from the surface of metals when an
appropriate frguency electromagnetic wave is incident on them. This phenomenon was first
documented by Heinrich Hertz in 1886. In 1888, Wilhelm Hallwachs and in 1902, Philipp Lenard
independently studied the photoelectric effect. Their work showed that electronsecésed &om the
metal surface when the incident radiation exceeded a material specific threshold frequency. However
this result contradicted classical electromagnetic thewatych states that energy of the incident
radiation depends solely on the wave dtagk i.e intensity and hence any radiation of sufficient
intensity should facilitate the emission of photoelectrons from the metal surface. Einstein resolved this
paradox in 1905 by radicalizing Pl ancskhgoastizeguant um
into discrete energy packets called quanta, with each quanta having energy deterifmheddryd the
emission of photoelectrons from the metal surface requires the absorption of quanta of energy that
exceed the mat er i shbld bBle magmematicallyeddrivesl the follgwing expression
to explain the photoelectric effect

hv = hy, + %mev2
Hence, Einsteinbés breakthrough explanation of t|
Physics in 1921.
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5. Quantum Mechanics and the Atomic Revoltion

The conceptual journey of atomic theory spans millennia, beginning with ancient philosophy. Over

2500 years ago, Indian Philosopher Maharishi Kanada introduced the concept of fundamental
indivisible particles, which he calleghu This seminal idea Jadormant for centuries until it was

revived by John Dalton in 1808 and thereby forming the atomic theory. In 1897, the discovery of
electrons within atoms by J.J Thomson brought a dramatic turn, challenging the previous concept of
atomic indivisibility. h 1911, Ernest Rutherfordds famous gol c
nucleus, leading to his planetary atomic nuclear model. This model, while initially compelling, faced

an immediate theoretical crisis. Classical electrodynamics demanded thiegordectrons in

Rut herfordébés nuclear atomic model to continuousl
into the nucleus within nanoseconds. If this was true, then none of the matters or us humans would have
existed in the first place. Awwi ¢ stabil ity wasndét the only puzzl

Balmer observed that excited hydrogen emitted discrete spectral lines rather than a continuous
spectrumHis empirical formula is:

}: H(l ~ ni) where n=2,3...0. defied classical explanation for decades.

Thesemysteries of atomic theory persisted until in 1913, Neils Bohr, a student of Rutherford, gave the

first key explanation to them. As a quantum physics enthusiast, Bohregmedthe importance of

the findings of discrete emission spectral lines by Baliared thus synthesized a nuclear atomic model

that combined both Rutherfordds nuclear atomic
the three following postulates:

These mysteries of atomic theory persisted until in 1913, Neils Bohr, a stfidRurtherford, gave the

first key explanation to them. As a quantum physics enthusiast, Bohr soon realised the importance of

the findings of discrete emission spectral lines by Balmer, and thus synthesized a nuclear atomic model

that combined both Rutherfod 6 s nucl ear atomic model and Pl anck
the three following postulates:

a) Stationary States: Electrons in specific orbits do not emit radiation despite their orbital
motion around the nucleus.
b) Quantized Orbits: Electrons orbit only in those orbits where their angular momentum is

quantised i.c f = n}_l = nh Where n=1,2, ..
2n

c) Energy Transition: An ¢lectron orbiting in the stationary orbit absorbs/emits radiation when

they jump between the stationary orbits and the energy thus absorbed/emitted is equal to the energy

gap between the two orbits i.¢ AE = Egnat orvit = Eintiat orbie = hv.
Bohr’s atomic model naturally explained the hydrogen atoms™ Balamer spectral series and resolved
the atomic stability. Thus for his work, Neils Bohr received the Nobel Prize in Physics in 1922,
However his atomic model remained confined to hvdrogen-like atoms only. His model also proved
inadequate to explain the spectral lines of varyitgnsities and offered no physical basis for quantized
orbits in atoms.

In 1924, Louis de Broglie udament al ly reimaginized Bohros sec
particle hypothesis. He hypothesized that all matter exhibits both wave and particle behavior, relating a
particlebs momentum to its de Broglie wavel ength
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Fig 3: Visualization of electron waves for the first six Bohr orbits
Source: Springer

Based on his wavparticle hypothesis, de Broglie showed that electrons exist only in those orbits
around the nucleus where the electron can exisstsandi ng waves: nalthi " r whe
revolutionary concept of wavgarticlehypothesis received confirmation in 1927 throtiglhDavisson

Germer experiment which directly measured the de Broglie wavelength of an electron. Thus their
experimental wor k al on grisaardesl thehetheBlobel Briza irePhysicstwithe o r e t
de Broglie in 1929 and Davisson in 1937

6. The Dawn of Quantum Mathematical Framework

Whi | e de B rartple duality sesolwea atemic stability, it also arose a new question which

is, if electrons behad asdelocalizedwaves, therwhere were they located withthe atom? This
fundamental question catalyzed the simultaneous development of not one but two distinct quantum
mat hemati cal framewor ks:sahdi Sehbedgbgdacblasr Wav de kb

I n 1925, Werner Heisenberg, whil e anadaligedhahg t he
certain properties of quantum systems were inaccessible, not because of instrumental limitations but
because they were ontological. This insighitto the development of what he called a crazy thebey
Uncertainty Principle which states that its impossible to simultaneously measure conjugaite.pairs
positionrmomentum, energiime, angular momentwangular displacement of a particle and the
product of their uyle rkt/a2,nitayhdemepessedtsihcertaintyfaany
conjugate pairs. Heisenberg represented quantities like canonical conjugates as arrays of transition
amplitudes and showed that their multiplication is nommutative. Max Born identified this work of
Heisenberg as matrices. Within months after the publication of uncertainty principle, Born and Pascual
Jordanformularizeda comprehensive matrix algebra for quantum observables thus establishing the
fundamentacommutation relation ajsés] = #43'- p% = ik, whereX andp'are operators of conjugate

pairs. By 1926, their collaboration with Heisenberg expanded into a full matrix based quantum
formalism, deriving energy conservation law and the quantization principles. Thus thdgtechtipe

Matrix Mechanics the first complete quantum mathematical framework that successfully described

i ndi vidual qbehavior Homthepyvark dn Matrix Mécisanics, Werner Heisenberg in 1932
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received the Nobel Prize in Physics while Max Baroeived the Nobel Prize in Physics in 1954 for
formulating his probability interpretation afave functions

However, despite Matrix Mechanicsd profound thec
to its esoteric mathematical formalism. Wardkindependently in 1926, Erwin Schrodinger developed

an alternative framework to describe thehaviorof individual quantum particles on the basis of wave
dynamics. His approach described quantum states througlatlestunction<] ( reyolvipg accordig

to the famous Schr°dingeroés wave equation:

T —ﬁ—zvzqv + VY

at 2m
Schr°dingerds Wave Mechanics rapidly skyrocket ec
wave equations. Within a year, it generated unprecedented research activities, with thousands of
publicatims exploring its implications, which later laid the foundation for quantum tunneling, atomic
orbitals, quantum states and chemical bondétg, thus influencing fields like chemistry, soliiate
physics, nanotechnol ogy, wokktocdevel§ping the® Vavervigehanitss e x t |
earned him the Nobel Prize in Physics in 1933.

Despite the initial rivalry between the two quantum mathematical frameworks, Schrédinger proved that

both wave mechanics and matrix mechanics were equivalent to eacHrothe following years, Paul

Dirac and John von Neumann further synthesized both approaches into the modern Quantum
Mechanics, thus completing physicsd most power fu

7. The Birth of Quantum Statistical Mechanics

Whi | e Pl ainatiok éesolveg tha blackbody radiation spectrum in 1900, it was the Indian
Physicist Satyendranath Bose, who revealed the deeper quantum statistical principles at work. In 1924,
Bose made a radical departure from classical statistics, treating photiowlistisguishable entities
with variable particle number, enabling the first statistical derivation of Planck's radiation law. This
demonstrated that photon ensembles fundamentally defy classical M&altethann statistics. Albert
Einstein subsequentbxtended this framework to all integgpin particles (bosons), establishing Bose
Einstein statistics with the distribution
1
n = (e(ur—u/.‘{b'f‘) -1)

Thus this created the first quantum statistical mechaBicseEinstein Statistics. Simultaneously in
1926, Fermi and Dirac deloped complementary statistics for Ralfegerspin particles (fermions)
obeying Paub exclusion principle, establishing Ferirac statistics with the distribution:

H 1
i = (e(ur—u/KpT) 4 1)

Hence, while wave and matrix mechanics describe individual quantum behaviogubatam
statistical frame works enabled our understanding of quantum systems.

8. Single Electron Double Slit Diffraction Experiment

But wait! The journey of quantum mechanics doesn't just end here. The most exciting part of quantum
mechanics comes onlytaf you learn its principles. The real game of magic starts now.
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You must remember the famous remark of Richard Feynfmaho b o dy Under stands
Me ¢ h a whiah svas added at the beginning of the essay. But have you thought what his saying
reflected? Aso, throughout the essay, have you wondered why did Max Planck not even believe his
theory in section 2? Why did Heisenberg call his theory crazy in section 67 If yes, then let's dive into it
together by understanding some of the most bizarre phenomguoarafim mechanics.

At the forefront of al/l t he bavaieexpeemegt:uhasingleu m p h e
electron double slit experimerit.is a simple experiment withasetp si mi | ar t o Youngo
experiment of 1801, but is insté conducted in three phases. In the first phase, the intense electron

beam passes through the two parallel slits, showing a-imgarference pattern on the screen. Thus this

confirms the wave nature of electrons. This phase was conducted in 1961 byld@@iasen. In the

second phase, the intensity of the electron beam is reduced such that only one electron passes through
the parallel slits, subsequently creating a bright dot on the screen. The experiment is repeated several
times, each electron landingadifferent part of the screen.

When the individual results are merged, it shows a viaegference pattetn Thus displaying the
wavepatrticle duality of an electron.

The third phase is to track and study the path each electron chooses before ghdisgraen. While

the experiment is seemingly straightforward with no complexity till the second phase, the third phase
introduces profound complexitieBhe third phase was first conducted in 1974 by Merli, Missiroli and

Pozzi using a light detector. Hower it was observed that when detections were made to observe the
electron path through a slit, it no longer showed the viatezference pattern but rather the particle
interference pattern. Thus this experiment operationalizeSdpenhagen Interpretatn which states

that the electron exists in a superposition of all of its states and the act of observation causes the wave
function of the electron to collapse, thus locking the electron to a single state. That is also why
Schr°dinger 6eamcdtddad bionshi dad itvhe Schrodjamdyer 6s
only the act of opening the box causes the cat to be either dead or alive. Copenhagen interpretation is

SO outrageous that even Albert Einstein famously remdiked wo ul d | @ nboen isttherein hi n k t
t he sky even wh e nButlsurmisal Imtieetquastimswendythermmpaon oif it was a

guantum object, does not exist in the sky until and unless you observe it and till then the moon is in all

its possible stages.

Fig 4: Single electron double slit experiment with and without detectors
Source: Medium

1

Animation by wikipedia which shows the screen of the single electron double slit experiment slowly forming wave inpafiereneéh
repetition ofthe experiment.

https://fen.m.wikipedia.org/wiki/File:Electron_buildup_movierh_%22Controlled_double
slit_electron_diffraction%22_Roger_Bach_et_al 2013 _New_J. Phys. 15 033018.gif
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https://en.m.wikipedia.org/wiki/File:Electron_buildup_movie_from_%22Controlled_double-slit_electron_diffraction%22_Roger_Bach_et_al_2013_New_J._Phys._15_033018.gif
https://en.m.wikipedia.org/wiki/File:Electron_buildup_movie_from_%22Controlled_double-slit_electron_diffraction%22_Roger_Bach_et_al_2013_New_J._Phys._15_033018.gif

9. Quantum Tunneling

Another such quirky phenomenon alongside the single electron double slit experiment is quantum
tunneling. Itis a phenomenon in whia low energetic particle can pass through a high energetic barrier.

It was first theorized by Friedrich Hund in 19
particles traversing barriers. In 1928, George Gamow applied the tunneling idea tam élplai
emergence of low energetic alpha particles from the atomic nuclei i.e alpha decay. This garnered
guantum tunneling worldwide fame.

But what makes quantum tunneling truly fascinating? Let's take a look at the following analogy: the
owal ki ngbntihelouwal lad magic trick. I n our day to d
impossible for humanise. zero probability unless you are the mighty superman. But in the quantum
realm, particles defy this classical intuition. A quantum particléngaless energy than the potential
barrierstill havea finite probability to pass through,itletermined by solving Schradjer's equation
for that potential barrier. Thi
phenomenon also powers our S
itself, where hydrogen nucle
tunnel through the coulombic
barriers to fuse, releasing ener
that lights our world. Withou
guantum tunneling, our worl
would have beendarkl s n 0t

mlnd_bIOWIng’) OUANTUMTUNNEL!NG\
Today, guant
uniquemagc has brought many

innovations like Scarimg
Tunneling Microscope(STM)
which enablsimaging of
Individual atoms, smartphone's flash memory, tunnel diode which enablesegll electronics
etc, in our modern society.

Flg 5 PIL[()!I l] e 'JIL\L.I]I 11,1(1[1 hLl\\. cen (.]Ll antum 1L||1T1L|ll1
and classical physics
Source: ScienceDirect

10.Quantum Entangl ement and Einsteinds worst nigh

The single electronalible slit experiment and quantum tunneling, while bizarre, had experimental

proof that no physicists could deny. However, there is one quantum phenomenon whichaisgeo str

that the 28 century physicists believed that its existence could never be téistpiestioned the very
fundamental principle of locality that an object is influenced only by its immediate surroundings and

no such interaction can propagate faster than th
nightmare, quantum entaegnent.

So why was Einstein and the other physicists baffled by entanglement? Consider this analogy: You
have two one rupee coins which you toss towards two persons at a distance. When they each catch a
coin and reveal them, the probability for the ocauceeof head & tail or tail & head is %0 But if you

2. Animation of quantum tunneling of a quantum particle through a potential barrier by Wikipedia https://en.m.wikipedia/Bilghild
V20-B1.gif
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were a magician or the coins wereagtum entangled, then the answer would change to 100%. Quantum
entanglement is a phenomenon in which two or more particles become interconnected in such a way
that the state of one particle instantly influences the state ofphterie no matter how fiaapart they

are. Hence quantum entanglement challenges the concept of locality in the universe.

In the 1927 Solvay Conference, Albert Einstein clashed with Neils Bohr, rejecting the probabilistic

nature of quantum mechanice. Copenhagen Interpretatiofle declared thai God does not [
d i c and believed that quantum mechanics was far from complete. Though bested by Bohr at the
conference, in 1935, Einstein along with Boris Podolsky and Nathan Rosen introduced entanglement as

a weapon to disprove tli@penhagen Interpretation. Regardless of this dramatic showdown between

Einstein and Bohr, entangl ement |l argely disappe
until 1964, nearly 30 years after the publication of the EPR paradox paper, wineStdolart Bell
seriously took the abandoned chall enge and f or mu

According to the theorem, if P denotes correlation measurements at different detector orientations, then
any theory relying on realism and locality (hidden variable hgor must sati sfy the Be

1+ P(b,&) = |P(db)—P(@@c0c)|

Thus Bell 6s work transformed entangl ement from a
option. From 1972 to 1999, John Clauser, Alain Aspect and Anton Zeilinger conducted a series of
independentexperment s and found the violation oldcalBel | 0s

and quantum. Their collective work on the field of entanglement earned them the Nobel Prize in Physics
in 2022, 87 years after the birth of EPR paradox. Today, quanttangéement is the face for the
second quantum revolution, being used in Quantum Cryptography, Quantum Networking, Quantum
Computer, Quantum Sensoes¢.and what not.

11. Technological marvels of First Quantum Revolution

So till section 10 we have exploredtmindblowing theories and phenomena of quantum mechanics.
But when has humanity ever stopped at just knowledge without harnessing it? And that's exactly what
happened! In the 20century, humanity witnessed an unprecedented technological boom, prgviousl
unimaginable, powered by quantum phenomena. This was the dawn of the first Quantum Revolution
Quantum 1.0 which transformed both our understanding of the universe and human technology.

Fig 6: Transistor, Laser, STM and MRI
Source: Physics and Radio Ectronics; Live Science: Texas Material Institute; National Health
Institute
The first quantum revolution produced transformative innovation, notably the transistor, laser, atomic
clock, STM and MRI. Transistors, invented at Bell Labs in 1947, relyuantgm tunneling and band
theory to control electron flow through semiconductors, thus catalyzing the digital age. Light
Amplification by Stimulated Emission or lasers, invented in 1960 at Hughes Research Laboratories by
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Theodore Maiman, works through tbeo n c e p t of Einsteinbs stimulat e
photons c¢clone themselves to produce coherent anc
used in everything from internet fiber optics to surgical tools. Atomic clocks, invente85n utizes

cesiuml133 electron transition for precise timekeeping that synchronizes GPS. The Scanning Tunneling
Microscope (STM), invented in 1981 by Binnig and Rohrer, exploits quantum tunneling to image
individual atoms, revolutionizing material sciendvlagnetic Resonance Imaging (MRI), invented in
197006s, is a true technolfeldofbealthcarmadt warks by alighirmgt r e v
the quantum spin of hydrogen nuclei within the body in a strong magnetic field and detectinggbose fli

to create a body scan, giving doctors a-imyasive window inside our bodies. These breakthroughs,

rooted in quantum phenomena, collectively reshaped our modern world in the'lated2€arly 2%

century.

12. The Second Quantum Revolution and The Challgge of Feynman

While the first quantum revolution gave us foundational theories and technologies, the second quantum
revolution actively brought technology that manipulates the quantum states. This shift from first
guantum revolution began in earnest wiiohard Feynman at the 19&1LF i r s t Conf erence
Physics of orGaniredyNMIRdnd IBNM, &sued th greatest challenge of thesZentury

to build a Quantum Computer that harnesses the quantum properties such as superposition,
entanglemenioherence and tunneling. Thus the call for the second quantum revolution.

Today, we're witnessing this revolution unfold across multiple fronts. Quantum computers from Google

and IBM have achieved quantum supremacy, solving problems in minutes that alauiclassical
supercomput er s mi |l Miiumsatebite pionaeredttie fir6t spaodded quanidire
communication. In 2017, IBM and University of Basel stimulated Berylllum Hydride (BeH2),

the most complex molecule stimulat
at the time usig quantum computer:
surpassing  classical ~ computir
capabilities and pioneering ne
frontiers in drug discovery, materi
science, natural science, etc. Quant
cryptography, particularly Quantul
Key Distribution (QKD) is already Z5=5
enabling unhackable commigation |
networks in China anBurope.

Meanwhile, quantum sensors such
Gravimeters can map undergroun
resources witimillimeter precision

and 20226s spin based MRI prot ot yiipeeceming decaded et e ct

promises e&n greater breakthroughs across interconnected domains than before. Researchers are
working toward a global quantum internet to connect all quantum computers globally, while topological
guantum computing aims to create stable qubits using exotic pactalesl Majorana fermions.
Quantum Al systems promise exponentially leaps beyond classical machine learning. Perhaps the most
exciting news among all are the potential applications of quantum simulations in quantum chemistry
and materials science, wherecduld lead to fast discoveries of new drugs, superconductors, energy
solutions, etc. Meanwhile, advances in quantum gravity could finally unify the general theory of
relativity and quantum mechanics, creating the most awaited unified theory of everything.

Fig 7: Quantum Gravimeter
Source: Exail
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Thus the second revolution is going strong, redefining what's possible across science and technology.

Much like the space race shaped the -0 century, the quantum race is becoming the defining
scientific challenge of our time, with the potential tsh@pe everything from healthcare to national

security. Thus quantum supremacy can reshape geopolitics, and the nation that leads the pioneering

guantum technological revolution will emerge as the next superpower of the quantum age.

13. Conclusion

As 2025 celbrates the centenary of quantum mechanics, we stand witness to history's most profound

scientific transformation: from early skepticism of quantum mechanics to quantum technologies
reshaping civilization. Yet paradoxically, while quantum mechanics camseledescribe nature, a
fundamental question still persists: Are we close to understanding reality? ANXegentu sureey of
15,000 quantum physicists wonldde, conducted to celebrate the International Year of Quantum 2025,
revealed thath P h y s disagreg willly on what quantum mechanics says about realitkile still

unani mously embracing its mathemati cs O6aSmhdptuse.

and Calculatedé is the dominant approach. o

| s ndt mbshheautiful iforey ofhe 2F century? On one hand we can engineer quantum computers

and on the other hand we disagree on what quantum mechanics say. These multiple views and

interpretations of reality Copenhagen Interpretation, Mawprlds view, Pilot wave theory,
Spontaneost c ol | apse, et c, each one more bizarre t
shock you, then nothing in this world can.

When | was a kid, | was always puzzled by the hype of quantum mechanics with my peers. But now
after taking a leap intquantum mechanics, | stand in that very crowd, awestruck by the irreducible

h a

mysteries of quantum mechanics. This essay does not serve as another academic discourse but as an

invitation to join me in this wonderful exploration into the quantum world. Sodet wat ch God' s
game together!
References
i. M. Ferrero, et al., (2014). O6Quantum Mechani
Gate, pes.

i A. A Michelson, (1894), O0Regi96eBlsmPgthe Uni ve

iii.  Wikiquote, updated FebruaB025, https://en.m.wikiquote.org/wiki/Albert_A._Michelson

iv. E. Gibney, (July 2025), O6Physicists disagree

real ity, Nature survey shows?ad, Natur e.

v. 0. Passon, (June 2021), O6Kelvinbés Cloudsbd, R«

vi O6MatriaxniMescéh, Wi ki pedia, wupdated in April 202
https://en.m.wikipedia.org/wiki/Matrix_mechanics

vi. O6Hi story of Quantum mechanicsdé, Wikipedia, uj
https://en.m.wikipedia.org/wiki/History_of _quantum_mechanics

viii. D. J Griffiths &dh.ckE i®nhrt me fQulaer8, Qambripetcrh ani c s
University Press, ISBN 97808 791106.

x. R. Feynman, et al ., (2010), -3yBakieBodkeynman LecH

Publication, ISBN €201-021188-P.

Xx. Wonder of Physics, 65 RitchmrMMe cleygmimasnd Quotes

https://www.wondersofphysics.com/2022/05/quarntuechanicdeynman.html?m=1

21



IAPT National Competition on Essay Writing in Physics (NCEWP 052 CategoryA (A Journey of 100 years of Quantum Mechaic

Quantum Realms and Ancient HymnsVedic Echoes in Modern Physics

Sutikshna S Dhage
Bajaj Institute of Technology, Wardha

Key Words: Quantum Mechanics, Vedanta, Upanish&@isserver Effect, Entanglement,
Superposition, Schrédinger, Atman, Brahman

Abstract

The mysters of quantum mechi&sd waveparticle duality, the observer effect, entanglené&nt

have revolutionized modern science yet remain deeply paradoxical. Surprisingly, the same riddles that
baffle todaybés physicists echo anci ets.fThisessaydom f o
explores profound parallels between modern quantum concepts and timeless Sanskrit verses such as
Ekooham BahusyUm (the One becoming many), Sarvar
Tat Tvam Asi (Thou art That). By weaving togetheragtum experiments, historical context, and
philosophical insights, this work argues that the ancient rishis glimpsed truths that modern physics now
confirms through rigorous observation. In an age where science and spirituality often seem divided,
thesepr al l el s remind us that knowledge is one, and

Introduction

I n 1900, Max Pl anckods reluctant i dea of quant i ze
soon upend everything we knew about matter and re@litgr the next decades, quantum mechanics

exposed a world stranger than science ficbora world where particles behave like waves, where
observation shapes existence, where two particles remain linked across the universe.

Yet for all its cuttingedge egations and experiments, guantum mechanics echoes a voice much older

t han Pl anck, Einstein, or Schr°dinger: the anci e
named, the Vedas and Upanishads spoke of a reality that is One yet appears asSdiattyat remains

unchanged while the universe flickers like a dream; a cosmic net that binds everything in an indivisible
whole.
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This essay journeys through these resonaficesr om Oppenhei merds Gita quot
the doubleslit expg i ment , from Schr°dingerods cat to I ndr a
paradoxes with timeless Sanskrit hymns, it invites us to see that the frontier of knowledge is not just
technological but deeply philosophical. In the flicker of an electron agdhe of a mantra, we find the

same enduring truth: the universe is not a lifeless machine, but a living mystanyg perhaps, as the

seers whispered, Thou art That.

Cosmic Verse at the Dawn of the Atomic Age

On July 16, 1945, at exactly 5:29 a.m. in New Mexico desert, human history crossed an irreversible
threshold. A device, codea med @A The Gadget , ofoowtawer ahdodetenateddn at o p
what would be called the Trinity Tedtt he wor | dbés first at omi cathbomb. |
the tower fused into glass, a blinding fireball rose into the dawn sky, and the modern nuclear age began.

Standing in the desert watching the explosion was J. Robert Oppenheimer, the brilliant theoretical
physicist who led the Manhattan Project. WHilis team celebrated the success of their terrible
invention, Oppenheimer felt something deepera recognition of cosmic power, and a haunting
connection to words written thousands of years earlier.

In a 1965 interview, Oppenheimer famously recalled aevdrsm the Bhagavad Gita, one of
Hi ndui stesbssriptgresein Sanskrit.

Sanskrit: The Quantum Enigma & the Vedic Riddle :
HIelsfa Aleragd Ngg! dieFaaTEdRg Mg | -
(Bhagavad Gita 11.32) ““nm:::-'mm
MCilnillg: Scientilic Rig Ii.!u..; (U ncased)
"l am Time, the great destroyer of worlds, engaged "
here in annihilating all people.”

In the Gita, this line is spoken by Lord Krishna in his
universal form (Vishvarupa) — a vast cosmic vision
that shows Arjuna that life and death are but ripples

in the ocean of Time. For Oppenheimer, this verse
perfectly described the destructive force that the wemic creation
atomic bomb had unleashed: not just a weapon, but a
power that mimicked the timeless cycle of creation 1
and dissolution, “Perspectives on the Origin of the Universe™

Veealie (Unknown Origin)

Uusansbiam Viscuuim (b T bagst oaus

Yet this moment was not only historical but also captured the deeper paradox of the new physics. The
same quantum theories that described the flicker of subatomic partistesirdbcked the chain
reactions in the atomic bomb. Quantum mechanics is a science of paradoxes; energy and matter
interconvert, particles pop in and out of existence, uncertainty and probability replace certainty and
determinism.

The same dualitiesappeam t he Gi tads cosmic vision; |ife and
formlessnes® all coexisting in a single reality. The ancient seers saw time as a wheel (Kalachakra),

a destroyer and creator in endless cycles, just as modern nucleass @haics that matter can be
transformed, energy can be released, and nothing remains forever static.

By quoting the Gita at the birth of the atomic age, Oppenheimer reminded the world that the deepest
truths do not belong to physics alone. They belongeoottest questions humanity has ever asked,;
what is the universe made of ? Where does life end and begin again? Who are we in the face of such
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infinite forces? This is why the first verse of this story is not an equation but a hymn; a cosmic chant
thateches across millennia, binding ancient |1 ndi ads

Ay
. -}:" o

Pl S N o M

Theme Ancient Insight Scientific Discovery
Creator & Destroyer ANow | am be First explosion; energgnass
--- Gita 11.32 equivalence
Time & Change Time as a devourer of all Time dilation,spacetime curvature
At the dawn of the 20th century, science stood t

ships across oceans, powered engines, launched empires. It promised a clockwork codictablgire
measurable, stable. Yet in tiny hidden cor@ermside the atom, inside the very light that Newton once
split with a prismd cracks were beginning to show.

In 1900, Max Planck reluctantly suggested that energy is not continuous but comegsintivigible

packet®d quanta. In 1905, Einstein showed that light itself behaves not just as a wave but as patrticles
0 photons. Over the next two decades, experiments with electrons and photons upended the neat
machinery of classical physics. This newrldavas not a clock but a shimmering sea of probability.

One experiment, above all, laid bare this enigma: the daliblexperiment. Imagine firing a stream of
electrong tiny particlesd at a barrier with two narrow openings. Logic says: each electusih pass
through either slit A or slit B, like a marble through a hole. But the pattern that appears on the screen
behind the slits is not two bands of impact, but an interference péttémight and dark fringes like
ripples overlapping in water. Sometoeach electron interferes with itself, behaving like a wave that
passes through both slits simultaneously
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Quantum Superposition: Example Wave Packet
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Yet when a detector is placed at the slits to check which path the electron takes, the interference pattern
vanishes. The electron suddenly aeds like a particle agaid choosing a single slit, following a
single path. The mere act of observation collapses possibility into certainty.

This is the heart of the quantum enigma: particles that are not particles alone, but clouds of potential.
Matterthat is both solid and ghostly. A reality that exists in multiple overlapping $tategil someone
looks.

Centuriesd perhaps millennia before physicists uncovered this paradox in the laboratory, the
ancient seers of the Rig Veda intuited the sanweioh poetic form:

Sanskrit:

"fs qikEtg & (Rig Veda 10.129.4)

Meaning: "I am One; may | become many."

This hymncomes from the Nasadiya Suktlage famous Hymn of Creation. In it, the rishi does not claim
certainty. Instead, he marvels that existétsmdf is paradoxical: how can One become Many? How can
the invisible become visible? How does unity bloom into multiplicity without ceasing to be One?

Modern quantum mechanics gives this ancient riddle new form: the wave fuldctiansingle
mathematical |tity; contains all possible states at once. An electron can be here and there. A photon
can spin left and right. These states coexist until an observation demands a single outcome. Reality itself
is a question asked and answered by the unidergest asthe rishi asks: How did the One become the
Many?
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Physicist Niels Bohr, one o f"Angoneawid isi mot shobkedoby v 6 s
guantum mehanics has not understood Ltikewise, the ancient poets did not pretend to explain away

the paradox. They lived inside & asking, chanting, accepting that the deepest truths defy simple
reason. The One becomes therilaThe Many return to the Onkn modern physics, this riddle of
superposition is no metaphér it is measurable, testable, andthe cutting edge of technology.
Quantum computers exploit superposition to store multiple states at once. Quantum cryptography relies
on the fact that observing a quantum bit changes it.

These are not mere theories but the foundations of the next tegiwablrevolutiond all built upon

the same mystery the rishis once whispered in virsbe interference fringes ohalectron wave and

the chant of Ekodham BahusyUm, we see the same
but shimmering with possibility

The Observer: Atman & Quantum Collapse

For centuries, science assumed that nature behaves tilechine: independent of our gaze, ticking
away like clockwork whether anyone is watching or not. But at the heart of quantum mechanics lies a
shocking rebellion against this id&athe role of the observer.

x The Puzzle of Measurement

In the quantum worlda particle like an electron is described by a wave funétioa mathematical
cloud of probabilities. It tells us where the particle might be, how fast it might be moving, but never
exactly where or how fast at the same time. This uncertainty is nod dapdrfect instrument it is

woven into the very nature of reality

When we measure the particle, however, the possibilities vanish. The wave function collapses: the
electron appears at one point with a definite position and momentum. This suddenojomipfihite
possibilities to one observed reality is one of the strangest puzzles in physics. It forces a question that
rattled even Einstein: does the observer create reality?

x Schr°odingerés Cat: A Thought Experi ment

To show how bizarre this is, Erwin Séklinger in 1935 proposed his ndamous paradox: imagine a
cat sealed in a box with a vial of poison triggered by a single radioactive atom. According to quantum
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theory, until we look inside, the atom is both decayed and not decayed. The cat is bahchtiead
0 a ghostly superposition. Only when the box is opened does the wave function cdlldpsecat
becomes definitely alive or dead.

This is not just a philosophical riddle. Today, real experiments with particles, molecules, and even
superconductig circuits prove superposition at ever larger scales. The observer effect is not a metaphor
0 itis testable.

The Ancient Seer: Atman as Eternal Witness

Long before physics spoke of the observer collapsing the wave function, the sages of the Upanishad
spoke of a witness consciousnésghe Atman. In this vision, the universe is not a stage that runs on

its own, but a play that needs a seer to be real.

Sanskrit:

U TatRo ArTtRo da aRawEQat 3 soé6xa sAdRa da U so6f8s
'Bhagavad Gita 2.20)

Meaning: "The Self is never born, nor does it ever die. It has not come into being, does not come into
being, and will not come into being."

The Atman does not change with birthdgath. It is the ultimate observer, untouched by the world yet
making the world known. Just as the wave function collapses only when it is measured, the play of the
universe appears only because the witness is there to see it.

The Chandogya Upanishad exjls this truth in its simple, profound statement: Tat TvandA8IiT h o u
art That. o6 The seer and the seen are not separat

Modern Echoes of an Ancient Insight

Schrédinger, who helped build the mathematical backbone of quantum theory, openly acknowledged
the parallels’In truth, there is only one mind."

For him, the apparent separation between observer and observed was andlljsgiras the sages
taught. When physicists speak of the observer effect today, they echo an ancient realization: the knower
andthe known are woven together. The world appears because it i§ sg¢emllapses because it is
measuredThis idea has inspired modern interpretations too. Physicists like John Wheeler proposed the
Participatory Universe: reality is not passively outéfd it unfolds through interaction with conscious
observers. Amit Goswami writes in The Sailvare Universe:
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"The observer is not only necessary in quantum mechanics, but consciousness itself is the ground of
being."

A Timeless Witness

At the heart of thejuantum paradox, the Upanishadic wisdom stands tall: the dance of matter and
energy, the flicker of particles and wavesall arise in the field of awareness. The Atman is the timeless
witness, the scientist within, the seer that sees yet remains urdouche

From Schr°dingeroés cat to the Gitads undying Sel
we look deep enough, are we fittat which watches itself?

Entanglement: The Web of Brahman

For centuries, physicists believed that the universe obégegrinciple of locality: objects can only
influence each other through direct contact or signals that travel through space. This made sense in
Newt on6s me cthaplanet ulls anetber plathet through gravity; a magnet affects nearby
iron filings.

Then came quantum mechaniks and with it, one of its strangest and most haunting discoveries:
entanglement

The Paradox of Instant Connection

In the 1930s, Einstein, Podolsky, and Rosen (EPR) tried to show that quantum mechanics must be
incomplete. The imagined two particles created together in such a way that their prof@eriike

spin or momentund are perfectly linked. If you separate these two particles by-yigats, quantum

theory says they remain entangled: measure one, and the other yinstsptinds, no matter the
distanceEinstein dismissed thisas absdrdi s pooky acti on at a distance, (
influence could travel faster than light. But decades later, experiments by John Bell and Alain Aspect
proved Einstein wrongentanglement is real. When two particles are entangled, their link is iéstant

they behave like a single system, no matter how far apart they drift.

No Separation in the Quantum Web
This defies our everyday logic. How choice carmade here affect sometigi lightyears away
instantly? How can two separate things remain one?

Modern physics accepts this paradox because it is testable, repeatable, and confirmed thousands of times
in labs around the world. Quantum computers, quantum cryptography, and emesgifign networks
all rely on this ghostly connection.
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Brahman: The Ancient Unity
Long before physicists puzzled over entangled particles, the sages of the Chandogya Upanishad
declared a truth that sounds strikingly familiar:

Sanskrit: ¢ ' T ©df dblﬁandpgﬁla Upanishad 3.14.1)

Meaning: "All this is Brahman."

In this single line, the Upanishad proclaims that the entire universe is an indivisible whole. Beneath the
changing formsd people, rivers, stars, atonds there is only Bahman, the unbroken reality that
connects all things.

The rishis saw this oneness not as theory but as direct experience. Just as two entangled particles share
hidden information, all thingshare the same ultimate realitpo part is truly separate frotihe whole.

B Modern Physics
Sarvam Khalvidam
Brahma — Allis Quantum
Biabhmas entanglement
Inter-being of all | Bell's theorem &
things non-locality

Modern Voices Echo Ancient Truths

Fritjof Capra,in The Tao of Physics, writeSQuantum theory thus reveals a basic oneness of the
universe. It shows that we cannot decompose the world into independently existing smallest units."
Nobellaw eat e David Bohm described reality not as i s
in flowing movement. o His |Implicate Order t heo
interconnected wave$s not unlike the oceanic Brahman of the Upanishads.

Entanglement: The Brahman of Physics

In the laboratory, entangled photons and electrons are like tiny messengers of this ancient unity. They
remind us that the deeper we look into matter, the less it resembles a collection of separate objects and
the moreit reveals itself as a single cosmic dadcanstant, intimate, indivisible. Even the fabric of
spacetime itself may be woven from quantum entanglement. Modern physicists like Leonard Susskind
and Juan Maldacena propose that the structure of spaceernalde from the invisible threads of
entangled quantum bits a theory that brings physics full circle to the Vedic vision of a vast net of
connected jewels.

Il ndrads Net : A Poetic Twin

This idea is beautifully mirtrdoabeuddlessmosmitivesbwith ci e nt
a jewel at each node. Each jewel reflects every other @wehdlessly. Touch one, and the entire net
responds. This ancient image from Vedic and Buddhist thought is entanglement in poetic form.

A Web that Holds Us All

WhatEi nstein mocked as fAspooky actiono is todayods
and possibly even future interstellar communication. But beneath the technical marvel lies something
timeless: the truth that separation is illusion, that eparticle, every being, every thought is part of an
indivisible web.
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Modern physics and the Chandogya Upanishad meet in this hidden thread. They whisper the same truth:
the universe is not made of iatéd parts, but of relationshipsnstant, silent, eteal.

In the flicker of an entangled photon, the echo of Brahman remains.

Quantum Probability Density (Observer Effect)
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Smaller than the Smallest® The Mystery of Duality When you look around, the world feels solid

and certain. A stone is a stone, an apple an apple, the moon moves sileati tive night sky with

calm predictability. For centuries, this was the comfort of classical physics: matter is made of particles,
particles have positions, and reality obeys clear rules.

But with the birth of quantum mechanics, this neat picture shadttBteysicists found that the deeper
they looked into matter, the more it dissolved into paradox.
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Wave-Particle Duality: Both Yet Neither

At the heart of this paradox fievavepatrticle dualityi the idea that matter is not purely a particle or a
wave, busomehow both. An electran the very building block of aton® can act like a tiny marble
under some conditions and like a spread ripple under others.

How do we know this? Again, the douksit experiment gives us the answer. When electrons are fired
one by one at a barrier with two slits, they do
particles choosing slit A or B. Instead, they build an interference péttetark and bright fringes like

waves on water.

I'tds as i fpassesthrbughedbtledtits at onne, interferes with itself, and spreads out like a
wave. Butplace a detector to see which slit the electron chaosed the pattern collapses. The electron
6choosesdéd a single path, acting |like a particle
Quantum Entanglement Analogy: Correlated Particles A& B
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Uncertainty at the Core

This strange behavior puzzled even the giants o
that at quantum scales, you cannot know both the position and momentum of a particle with absolute
precision. The act of pinning doveme fuzzes out the other. The universe at its core is not definite but
dances on probabilities.
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The Upanishadic Parallel

Thousands of years before quantum physicists found this paradox in their experiments, the rishis of the
Upanishads spoke of a similanysteryd that reality at its deepest is beyond fixed forms. It is both
infinitely small and infinitely vast, both formless and the source of all forms. One of the clearest
statements of this truth appears in the Katha Upanishad:

Sanskrit: Y aql a?ysStEq Yt?2ysOdd

(Katha Upanishad 1.2.20)

Meaning: "Smaller than the smallest, greater than the greatest.”

What could be smaller than the smallest? The rishis hint that the essencéyBreidle Atman or

ultimate Selfi is subtler than any meastble thing, yet vaster than the cosmos. This is not only a
spiritual riddle but an idea that matches quantum reality: the same electron can behave as a point with
no size at all and as a spreaat wave stretching across space.

Modern Science Embraces th®iddle

This duality is not merely philosophical. It is the reason modern technology works. Semiconductors,
lasers, quantum dots, electron microscapeall rely on the fact that electrons can tunnel like waves

and scatter like particles.

In quantum fieldt heor y

, particles are not solid &thingsé
ripples that appear poifike when measured but extend like waves when left undisturbed.

Richard Feynman, one of the great interpreters of quantum mechanic$| Haiiok | can safely say
that nobody understands quantum mechani¢st' despite its strangeness, it works perfedtijthe

best tested theory in the history of science.

Dual Concept

Vedic View

Quantum View

WaveParticle Brahman a$orm and formless

Photon/&ectron is both wave and particlé

SeenUnseen Maya hides true form

Reality exists in probability until measure

The Same Riddle, New Eyes

What the Upanishads hinted at in a llnesmaller than the smallest, gteathan the greatestquantum
mechants demonstrates in equations and experiments. When we look into the heart of matter, we find
something that refuses to stay still: a particle that is not a particle, a wave that is not only a wave.

When we pin it down, it slips away; when we watch closgliransforms. What remains is the same
timeless mystery the rishis glimpsed under ancient forest skies: the heart of realityeisfsudhtland

ever paradoxical.

In the flicker of an electron and the whisper of a verse, the world reveals itself not as either

or, but as both, and more.
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WAVE-PARTICLE DUALITY
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Wave-Partiicle Duality
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The Cycle of Timed Kalachakra and Quantum Cosmology

When we look up at the night sky, we often imagine time as adivestraight, endless flow from past
to future. Classical physics reinforced this imatieie was absolute, an arrow pointing forward.
v aBut deem ;sidk thenqeanttini veoidi n g
and on the largest scales of the cos@osodern science tells a different story. Here, time is not a

Newt onods

uni

verse

wa s a
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simple staight line, but a mystery that bends, loops, and returns. At this strange frontier, ancient visions
of time as a wheel resonate with the newest theories of physics.

Quantum Foam: A Bubbling Foundation

At the tiniest scaled far smaller than atom& quantum theory predicts that space and time are not
smooth but frothy, restless, like the surface of a boiling ocean. This is the realm of quantum foam, a
term coined by John Wheeler. In this realm, virtual particles flicker in and out of existence, borrowing
erergy for a heartbeat before dissolving back into the vactiere, spacéime itself is unstablé

full of tiny fluctuations that can create black holes, wormholes, or entire baby universes. In this view,
reality is not fixed but forever bubbling, dissalg, and reappearing.

The Cosmic Cycle: Birth, Death, Rebirth

On the grandest scale, modern cosmologists have proposed models where the entire universe is not a
single event but a cycle of endless creation and destruction. Indian physicist Jayant Natlitabel

laureate Roger Penrose both explored models where our universe could be one of many in an infinite
sequenced each born from the ashes of the lagtese ideas echo the ancient Indian vision of
Kalachakrad the Wheel of Time.

Double-Slit Interference Pattern
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The concept of Kalachakra is found throughout Hindu and Buddhist philosophy. Literally meaning
ATi me Wheel , o0 it describes time not as a straigdg
dissolution.

In Hindu cosmoloy, each cycle is called a Kalpa, lasting billions of years. After creation comes
sustenance, then dissolution (Pralaya), then the seed of the next universe arises from the old. This grand
cosmic clock ticks in aeons, not minutes.

Sanskrit: "a & HE + 3 'PgrapRk aida)p !
Meaning: "The Wheel of Time turns eternally."

The rishis did not see time as linear but as the breathing in and out of the cosmic Self.

Modern Science Meets the Ancient Wheel

The Big Bang theory tells us that our univevsas born13.8 billion years ago in a tiny instant of
unimaginable energy. But quantum cosmology also suggests that our universe could be one bubble in
an endless foa® or one cycle in an eternal loop.

Roger Penrosebs Conf or ma bses@Gmtdhe death o ane uniedrse spts thd C C C)
initial conditions for the birth of the next. Quantum fluctuations and black holes might carry information
from one cycle to the nedt echoes of past universes hidden in the cosmic microwave background.

Time: Not Absolute, but Entangled

Einsteinbs relativity showed wus that time is not
and gravity. Quantum theory goes further: at tiny scales, time may break down altogether. Some
physicists believe that timigself could emerge from entanglement that deep below the level of
particles and fields, there may be no separate T
before and aftefThis is strikingly close to the Kalachakra idea: time is neblad road but a wheel

made of relationships, dissolutions, and rebirths.

Ami t Goswami 6 s Vision

Physicist Amit Goswami, one of the pioneers of consciousness studies in qguantum mechanics, writes:
"Quantum physics has shown that the observer is crucialcoassess is the ground of beintn"his

view, the cycles of creation and dissolution mirror the play of consciousness collapsing possibilities
into reality, then dissolving them again. The quantum vachutine sea of potentiél is like Brahman,

the infinite Self. The bubbles of time and space are like dreams arising within it.

A Timeless Dance

Thus, in the flicker of quantum foam and the turn of Kalachakra, the modern physicist and the ancient
rishi glimpse the same truth: what appears solid is not; fivizdt appears lost returns. The end is not
the end it is a pause before the wheel spins again.

I n every quantum fluctuati on, in every new star
turns 8 reminding us that even time bows before the eternal ystery.
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Scientist InMuence | Source
Schridinger High Vodanta
Bolr Medium Taoism
Hetsenberg Modium | Mysticisn
Oppenheimer High Gita
Eistemn Lo Rationalism

Sage Meets Scientisd East Inspires West

When we think of science, we often imagine test tubes, equations, and cold labodatariesrid of
logic cut free from ancient myth and mystical verse. Yet, at the very heart of quantumahédoey
field that shattered our certainties about reditystand pioneers who openly turned to the wisdom of
the East to make sense of the paradox they uncovered.

Schrddinger and the Upanishads

Among them was Erwin Schrédinger, one of the founding fatbiegsantum mechanics and the man

who gave the world the famous Schr°dingerés cat
Schrédinger was deeply influenced by Advaita Vedéantde nondual philosophy of the Upanishads.

In his personal writings andctures, Schrédinger often quoted Sanskrit texts and described his debt to
Indian thought. He was fascinated by the Upanishadic vision that the multiplicity w& dbe

countless forms, particles, and beirdgsis only an appearance, not the ultimatehriBeneath this

shifting dance lies a single consciousness.

Schrédinger wrote:il n  t rut h there is only one mind. Qur
di fferent aspects of this one mind. o

This is not poetry from a philosopher but the reflectioa e€ientist who discovered that the equations
describing subatomic particles point toward an underlying uhitthe same unity the Upanishads
declared thousands of years ago.

36

0Oy



Bohr, Heisenberg, and the Brallels

Schrédinger was not alonijels Bohr, thearchitect of the Copenhagen Interpretation, visited India in

1937 and met with Rabindranath Tagore, who often spoke of the Upanishadic worldview. Bohr believed
that the paradoxes of quantum physicscomplementarity, uncertainty, superpositi®necho the

Eastern acceptance of contradictiogerner Heisenberg, who formulated the Uncertainty Principle,

also discussed how meeting Indian scholars shaped his understanding of quantum paradox. He once
said that talking to Tagore made him realize that Westeonadtihought needed the broader openness

of Eastern philosophy to grapple with quantum reality

Fritjof Capra: Bridging Worlds

In 1975, physicist Fritjof Capra published The Tad?bf/sicsd a landmark book that explored how
theworldview of modern quantuiphysics and relativityesonates deeply with the mystical insights of
Hinduism, Buddhism, and Taoism.

Caprawroteen The parallels to Eastern mysticism are m
and understand the worldview implied by modern p
He argued that the quantum worl dds holistic, int

wisdom that reality is a dynamic unity, not a collection of separate, fixed parts.

A Meeting of Thought, Not Just Faith

It is important to see that treesonnections are not shallow or decorative. Schrédinger and his peers did
not turn to the Upanishads for poetic comfdrithey found in them a philosophical language capable

of holding the strange ttluos quantum equations demandiedthe Upanishads, thstmand the inner

Selfd is not separate from Brahman the cosmic Self. This idea that observer and observed are one
finds a mirror in quantum mechanics, where the act of measurement collapses reality into a definite
state. In both views, separation isikusion & the world is an unbroken whole.

Modern Echoes

Today, this meeting of worlds continues. Physicists like Amit Goswami, in Thé\&elfe Universe,

argue that consciousness is not a byproduct of matter but its fbuecgision that resonates Wit
Advaita Vedant aob soushessis the gaound of heir@uanaum biclogyy guantum

computing, and quantum consciousness studliegelds still unfoldingd carry forward this quiet
revolution: the scient i $&dhovbisperthat the ultimatesrealdymady be h e s a
one, indivisible and participatory.

Science Needs Wonder

In an age where knowledge often feels fragmeltedhere science and spirituality seem to live in
separate rooms this forgotten bridge reminds us thveonder is the seed of all inquiry. The equations

that describe the dance of electrons were born not only from experiments but from questions that have
no final answer: What is reality? Who are we? How can the One become Many?

In the meeting of East andast, sage and scientist, we glimpse a timeless truth: knowledge is not only

a tool but a journey back to the source.

I n Schr°dingerés cat and the Upani shad®®stheAt man,
sage still meets the scientist, ahd tjuestion remains: are we not That?
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Quantum Experiments: When Verses Come Alive Modern physics does not live only in equations

or in the blackboards of theorigds it is tested in real laboratories, proven through experiments that
defy our common ense and reveal a universe more mysterious than we ever imagined. These
experiments are the heartbeat of quantum mechaniasd remarkably, each one echoes the riddles
sung by ancient seers.

1. The DoubleSlit Experimentd Ek o0 6 h a m B @iHe dosibjetlinexperiment is perhaps the
most famous demonstration of quantum strangeness. It shows how a single electron, photon, or
even molecule can exist in a superposifiopassing through two slits at once and interfering with
itsdf.

Thousands of experiments, from Thomas Youngo6s fi
electron diffraction labs, prove this over and over: at the quantum scale, the universe refuses te be either
ord itis bothand, until we observe.

This beautifully mirrors the Rig Vedic riddle: Sanskmit¥j RuOrFx ;O n' Rig Veda 10.129.4)1 am

One; may | become ManyThe wave functio® the mathematical expression of a quantum state
is the modern One that becomes Many possibilities. The interference pattern is its shadow.

2. Schr°di n@ elheAsnanCMatches

The thought experiment of Schr°dingeroés cat sho\
0 alive and dead at onée until an observer looks. While no one puts a real cat in a box, real quantum
computers rely on superposition stateseyactl i ke Schr°di ngerds cat to st
This is the observer effect in action: measurement collapses the wave function. The timeless witness
described in the Upanishads is reborn here:

Sanskrit U T at R6 Art Ro da 3afBamdadGiai230)sdx a sAdRa da U
"The Self is never born, nor does it ever die."
The Atman is the changeless obse@ethe seer of all appearances.

3. Bell 6s Theor e moad &artam Khalwidan Brahena t

The mostast oni shing proof of entanglement is Bell 0s
When two particles are entangled and sent far apagsuring one instantly affects the other. No hidden

signal travels between thedn they remain mysteriously linke@oday, quantum entanglement powers

secure quantum cryptography and quantum teleportation. This is not sciencéfidtisrscience fact.
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SanskritZ 4, d A ¥ fCRs§dogya Upanishad 3.14.1

"All this is Brahman."
This ancient declaratiod that all is connected in an indivisible whdde finds physical proof in
entanglement. The universe is not a machine made of parts, but a seamless fabric.

4. Quantum Foamd Kalachakra Unfolds

In quantum cosmology, the tiniest scales reveal quantum doamrestless ocean of virtual particles
flickering in and out of existence. This chaotic ground state creates bubbles dfisgadsack holes,
and possibly eveantire new universes.

Physicists like Wheeler and Penrose argue that the universe may endlessly cyeddion rising from
dissolution in an infinite dance.

Sanskrit:! & & HE + 3 'PupadjRidb& o !
"The Wheel of Time turns eternally."

The ancient vision of time as a wheel Kalachakrad is reborn in the restless dance of quantum
creation.

5. Quantum Computing & Mysticism Becomes TechnologyQuantum computers are natsf
futuristic machine® they are direct applications of the same ancient paradoxes. Qubits exist in
superposition, holding multiple states at once. Entanglement links qubits to perform tasks
impossible for classical bits.

The same experiments that prayai ant um wei rdness p o we provihgotad r r o wo S
ancient ideas are not only philosophical but practical when reborn as guantum code.

A Living Bridge: Experiment and Mantra

Each quantum experiment is like a modern maétra repeatable rituahat reveals hidden reality.
Where the ancient rishi sat in silent meditatior
beams and entangling photons.

One uses language, the other mathematicget both seek the same secret: how the Owerbes
Many, how the Many returns to the One.

In every interference fringe, every entangled pair, every flicker of the quantum field the verses
come alive. The universe whispers the same riddle the rishis once sang beneath starlit forests: that
beneath the changing play of forms, there is one, timeless, watching, and forever dancing.

a
Superosition
a Do *
Supeposition + Entaglement

/ ;
S sfish »
Intangllent {

The
Observer
Effect

s —F—~ D)
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I ndr &t® sTheMncient Quantum Field

Before quantum mechanics was born, before any scientist split the atom or imagined the wave function,
ancient Indian and Buddhigthilosophers offered a vision of reality that foreshadowed the deepest
paradoxes of modern physi csd atimbldssmetapharthat capturess k n o w
the very fabric of the cosmos as an endless web of reflection and interconnection.

The Story of I ndrads Net
In the Avatamsaka Sutra, a foundational Mahayana Buddhist text inspired by older Hindu cosmology,
the i mage of | ndr aedcsustddeeb steefohing iafinitely imal diractigne At each

knot of this vast net rest shining jewel. Each jewel reflects every other j@welnd every reflection
contains evey other reflection, endlesslyouch one jewel, and the entire net responds. Look into one,
and you see the whole universe mirrored back infinitely.

This image isot just poetid it is a profound statement about the nature of reality: nothing exists by
itself; everything exists in relationship.

Entangl ement: I ndrads Net in the Lab

I n quantum physics, the clearest ecltlesbecomel ndr ad
entangled, they are no longer separate entities. No matter how far apart théy tdrifipposite ends
of the univers® a change in one instantly affects the other.

Einstein called this Aspooky adtfioom BRdl lad «di TSh earc
guantum teleportatiod show that entanglement is real and measurable. The particles behave not as
isolated dots but as ripples in a shared web.

Quantum Field Theory: The Cosmic Web

The link goes even deeper. According to quantuitd fieeory, the most successful model in modern

physics, particles are not truly particles at all. They are excitafiotiay ripples or vibration® in

underlying fields thastretch through all of spacEvery electron, photon, or quark is just a loczdiz

wave in an invisible ocean. The fields are continuous, woven through all eeaditye disturbance here
affects the whole field everywhere. There are no
possibility.

This I ndrads iet, reborn as phys

Indra’s Net (Ancient Quantum Ficld Theory

Aspect Insight) (Modern Science)

All particles are
excitations of one
unified gquantum field

All is Brahman, reflected

Unity of Reality infinitely in every jewel

Entangled particles
affect cach other
instantly

s bl Change in one reflects in
Interconnection all nothing is isolated

Particles don’t have
eflinite properties until]
obscrved

Objects are illusions

lllusion of Form (Maya) only reflections

Each jewel reflects all
others a sell
referential web

Self-interacting ficlds
& virtnal particles

Infinite
Recursion

Consciousness (Atman) Obscrver collapses
Obscrver Role perceives the net and wavelunction and
creates meaning defines outcome
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A Verse for the Web
The Chandogya Upanishad captures this interconnectedness with its simple yet profound declaration:
SanskrittZ  d A Y pdRahdogya Upanishad 3.14.1)

"All this is Brahman."
Here, Brahman is the unbroken reality that underlies all forms, just as the quantum field underlies all
particles. To see one is to seedllto touch one is to touch the whole.

Modern Reflections: The Net as Reality

Physicist David Bohmés I mplicate Order theory p
parts, but from an undi vi dethkonelwededk injassan unfolddiie fe x p
version of a deepehidden order where everythingaafolded into everything els&his idea echoes
I ndrads Net perfectly: real ity i srefleaidns withini | t fr
reflections.In  quantum computing and quantum communication, this insight
becomes practical: entangl ement l' inks qubits i

technology now weaves threads through the same net the ancients described.

A Universe of Jewels

I n todayds age of sci enc e uatmoknowledgeitsethia da wéoame | ndr a
discovery reflecting another, one insight shining light into countless others.

When we peer into an entangled photon or map the ripples of the Higgs field, we are peering into a
cosmic net that echoes the jeweldimdr adés pal ace. We are not separ ¢
piecesd we are woven into the very fabric we study.

In every ripple of the quantum field, indevery |
infinite, interconnected, indivisible . Wh a't the rishis and sages gl im
physicists measure in equations: that all is One, and in each part, the whole remains.

Symbol Spiritual Meaning Quantum Concept

I ndrabds Infinite inter-reflection Entanglement Fieldxcitation
Jewels in the Net All reflects all Qubits in entangled networks
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The Mahavakya: Thou Art That

In the ancient Chandogya Upanishad, one of the most profound declarationsdofatipnappears in

three simple words: Tat Tvam A8i i Th o uThaAr & ( Chando gy aSpbkprebpthes had 6
sage Uddalaka to his son Shvetaketu, these words dissolve the barrier between the seeker and the sought.
The vast Brahmaé the timeless, spaceless Absoléitds not something separate, distant, or abstrac

It is the same as the deepest Self (Atman) within every being.

Sanskrit: RS T MI&t Tvam Asi)
"Thou Art That."

This is not merely a comforting thought it is the culmination of Vedic insight: that behind every eye
is the same seer, behind everynfothe same formlessness, behind every changing world the same
unchanging truth.

The Quantum Mirror

Modern gquantum physics, in its paradoxes, hints
wave function collapses, it does so in the act of beiagsured by a conscious observer, a piece of

the universe looking back at itself.

Quantum mechanics removes the safe distance between The Circle Glesgerimenter and the

experiment. The observer i s not ofthe cutside thp gygemh e i me r
o the observer is part of the system. atomic age to the flickering interference fringes in a The particle
does not reveal its state wuntil there dsomeonqehysi cs

0 somewherd tosee it.
This is the final echo ofat Tvam Asi in physicghe splitbetween the knower and the known breaks
down. The scientist does not stand apart vithin the very web he studies

From Many Eyes, One Truth

The rishis understood this intuitivelly.all beings areeflections of Brahman, then every eye that looks
out at the world is a window through which Brahman sees itself. Manydeye® vision. Many forms

0 one essence. Modern physicists like John Wheeler have gone further, proposing theaidea of
Participatory Universé the radical thought that reality comes into being through acts of observation,
choices made by conscious participants scattered throughout space aihd ttisevision, we are not
passive witnesses to a dead cosmos but livaues in an evecreating ned | n d Net,Geborn in

lab coats and laser beams.
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The Circle Closes

From Oppenhei merdés Gita verse at the birth of t
aphysics | ab, t hi mkmetstieasamd ancignbdoorwaye knowtedgetiseoarate

from the knower. The experiment is not separate from the experimenter. The universe is not separate
from the witness.

Where the seer sees the Self in all beings, the quantum physicist distwvesbserver in all
experiments.

In the final reckoning, the oldest whisper remains true: Tat Tvam Asi. The wave collapses. The

jewel reflects. The electron flickers. The Net shimmers. The sage smiesand the scientist nods

0 forinthisdance of Manyeees and One Truth, we find that the
here, within.

Reflections: Why This Matters Now

As humanity stands on the threshold of quantomputing, artificial intelligence, and interstellar
exploration, the echoes of ancient Indisisdom returnd not as forgotten myths, but as timeless
metaphors, scientifically resonant and spiritually relevant. In a fragmented world split between science

and spirit, East and West, object and obsedvéhe synthesis dfedic insight and quantumstiovery

brings healing clarity. 1t r emi mdist uiss tnmeaa ni nigk noo
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Erwin Schrédinger turns to the Upanishads, or when the dalibkxperiment whispers the mystery
found in the Nasadiya Sukta, this is not caileciced it is a cosmic reunion.
It is the Rishi meeting the Researcher.
It is the moment we realize: Tat Tvam AsiThou Art That.
The observer and the observed are one.

This convergence is more than academic curi@sity is a call to humility and wadter. It tells us that
both the ancient mantra and the quantum formula are not in conflict, but in conversation. And in that
dialogue, we rediscover our plage not as outsiders of the cosmos, but as living reflectioits of

Echoes of Truthd From Sage toScientist

AMul tiplicity
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Aut hor 6s Not e

This essgis not merely a study of verses and variables. It is a personal jaurfreyn reading ancient

texts as a seeker of meaning, to decoding quantum fields as a student of science. In connecting Vedanta
and Physics, | found ngust answer® but resonancelhis work is my humble attempt to bridge the
ancient and the futui®@ the meditative silence of the rishis with the mathemagilejance of quantum
mechanicsBecause somewhere between the shloka and the wastefy we hear the same trutfou

are notin the univers@® the universe is in you.

Conclusion: From Rishi to Quantum Reality

As we journeyed through the verses of th@ ani s hads, the threadd of I
Kalachakra, and the riddles of quantum mechanics, one truth endergésdom knows ndooundary

of time or tradition. What the ancient rishis intuited in meditative stillness, modern physicists now
glimpse through precisioexperiments: That the observer is not separate from the obsématd,
consciousness may be fundamental, #ad the unity of all existence is not merely a spiritual insight,

but perhaps a scientific inevitability. From Tat Tvam Asi to quantum entanglement, from Nasadiya
Sukta to the uncertainty principle, gmodisnotaos mi c
machinetodisse& i t i s a mirror to awaken. o | n weaving
dondt just r edd svereclaienthdutureci ent | ndi a
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A Century of Quantum Mechanics: From Foundation to Frontiers

Poorti Sharma
Bareilly College, Bareilly

Al think | can safely say that nobody und:¢
-Richard P. Feynman

With these words, one of éhgreatest physist of the 28" century captured both the brilliance and
mystery of quantum theory. For 100 years, quantum theory has painted the subatomic world as strange
beyond words. But bold new interpretations and experimentsheigys finally understand what it

really means.

The problem with qgquantum mechanics, or at |l east
t hat it paints an unfamiliar picture of real it
particles, of which we have no direztperience, is radically different to the world we perceive. Our
fundamental understanding of the physical world is how rooted in quantum principles. Modern physics

is quantum physics.

The word guantum refers to the way matter absorbs or releases-énatiggrete packets, or quanta.

Its use in physics comes from the German wauent which is derived from a Latin term meaning
6how mucho. Quantum mechani cs, often called the
of the20" century and hadrsce become a global scientific language.

What sparked the birth of quantum mechanics?

In around 1900, physicists such as Max Planck and Albert Einstein began to describe, in an ad hoc way,
why several phenomena of the subatomic realm could not be explaitg the classical mechanics
developed by Isaac Newton and others. Then, in 1925, quantum came to be used to describe the
fundamentals of an entirely new form of mecharicéhe branch of physics that describes the
relationship between forces and thetimo of physics.

x  Birth of quantum mechanics (1900-1925)
1 1900 Max Pl anckds quantization of energy mar kec«

b

Planks Radiation Law

PO

&

Fig 1: Max Planck Fig 2: Quantization of energy
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T 19051 Al bert Einsteinbs explanati olightoohsistsdfe phot ¢
individual quantum particles or photons.

Photoelectric effect
Epho(on = hl’

700 nm Vinax = 6.22 X 10° m/e
177eV C

400 nm
3ev
electrons

o N Potassium - requires 2.0 eV to eject an electron
Fig 3: Albert Einstein Fig 4

How did Einsteinbés explanation of the photoel ect
Einstein proposed that light consists of photbmsdividual quanta of energis explanation of the
photoelectric effect, where electrons are ejected from metal surfaces under light exposure, won him the
Nobel Prize and confirmed the particle natur¢heflight.

9 19137 Niels Bohr proposes an atomic model using quantum theothddirst time.

I 19257 Werner Heisenberg, Max Born and Pascual Jordon develop the theory of matrix
mechanics.

x  First quantum revolution i The first Quantum Revolution refers to the period when quantum
mechanics was born and formalized as a scientific yhétothanged how we understand matter
and energy at the smallest scdlegoms, electrons, and photons.

The first quantum revolution led to technologies like transistors, lasers, semiconductors, nuclear
power and microscopes. It formed the foundatiomodern physics and chemistry.

1927 *Werner Heisenberg proposes the uncertanty principle.
m *Paul Dirac publishes the principles of quantum mechanics.

m *Albert Einstein, Boris Podolsky, and Nathan Rosen proposes the
EPR Paradox.

m *Erwin Schrodinger coins the term 'Entanglement’.

m *Richard Feynman envisions quantum computation.

m «John Stewart Bell develops Bell's inequality theorem




x Heisenberg Uncertainty Principle i The Heisenberg Uncertainty Principle is a fundamental
concept in Quantum mechanics, also knowHasi senber gbés i ndRrdpasediy nacy
Werner Heisenberg in 1921 states that:

fPosi ti on and Momentum of an el ectron cannot
accuracyo.

Mathematical formulation: Ax -Ap = r
4w

Where : Ax = uncertainty in position
Ap = uncertainty in momentum,
h = Planck’s constant

ied

A

Re[W ()] IFeol?  RrRe[@o)] D)2

x P
Ax - - - - - > Ap,
Re[W ()] X 1w ool? B () |2
Jrmm e | A I,
- - - > AX
- AP,

Fig 5: Position x and momentum pwvave functionscorresponding to quantum particles. The color opacity
of the particles corresponds tohe probability density of finding the particle with position x or
momentum component p.

Hei senberg uncertainty principle is a cornerston
spiral into the nucleus of an atom and used in scanning tugrmelsroscopes (STM). It reminds us

that at the smallest scales, nature behaves differently from our classical expettatiobabilistic

rather than predictable.

x Schr°dingero6s cat : i Gne @ tha mdstuaonicRuadrpazdiogxconcepts in
qguanum mechanics is Schr°dingerés cat, a thought
It is proposed by Erwin Schrddinger in 1935.

In this scenario, a cat is placed inside a sealed box with a radioactive atom, a Geiger counter, and a
poison vial. If te atom decays (a quantum event), the detector triggers the idas@oison, killing

the cat. But until the box is opened, the atom exists in a superposition of decayeid reigdeing the

cat is simultaneously alive and dead.

Fig 6: Erwin Schrédinger Fig 7: Schr°dingerds Cat:
and a radioactive source connected to a Geiger counter are

placed in a sealed box. As illustrated, a live cat and a dead cat
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What Schrodinger was trying to say?

Schrédinger used this paradoxctdicize the Copenhagen interpretation, which says a quantum systems
remains in superposition until it is observédh ough it was never a real
highlights the measurement problem and the strange nature of quantum reaityiniies to spark
debate and has inspired alternative interpretations like inamylds and Quantum Decoherence.

e X[

x  Second Quantum Revolution:The second quantum revolution refers to the modern phase of
guantum science and technology that leverages the profbund principles of quantum

mechanics. From computing and communication to sensing and security, quantum mechanics is
now something we can engineer, not just observe
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What is Quantum Entanglement and why does it challenge our classical unders@ing?

Quantum entanglement is one of the mostifaiut phenomena afuantum theory. It describes a
phenomenon where two or more particles become so deeply connected that the state of one instantly
determines the state of the otlieegardless of the detce between them.
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This idea first debated kyinstein, Podolsky, and Rosen1935 and later demonstrated by physicist

Alain Aspectt n t he 1980s.

Einstein referred to i

Is quantum entanglement faster than the speeduf?i

Quantum entangl ement

, however, appeared to

t

as n

conf |

postulates that nothing can travel faster than the speed of light and is demonstrated mathematically by
the equation E= mc2. . The ability to instaneously measure the quantum state of one particle by
measuring that of its entangled partner somewhere else in the universe means that information would

be del i

EINSTEIN ATTACKS
QUANTUM THEORY

Scientist and Two Colleagues
Find It Is Not ‘Complete’
Even Though ‘Correct.’

have to ver ed

SEE FULLER ONE POSSIBLE

Believe a Whole Description of
‘the Physical Reality” Can Be
Provided Eventually.

Fig 8: Article headline regarding theEPR
paradoxpaper, in the 4 May 1935 issue of
The New York Time
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Fig 9: Quantum Entanglement

Applications of Quantum Entanglement:
Entarglement plays a central role in the secc
guantum revolution, where it forms the backbc
of quantum technologies like quantu
teleportation, quantum cryptography, and
emerging quantum internet. It also invites us
reconsider fundamental ideas aboldcality,
information, and the fabric of reality.

Today international research in countries like
U.S., China, and the EU is accelerating
development of entanglementi  based
technologies, making it not just a scienti
curiosity, but a symiil of global cooperation in th
quantum era.

How does entanglement contribute to quantum
computing?

In quantum computers, qubits can be entangle
perform parallel calculations. This allows them
solve certain complex problems exponentic
faster than classical computérsuch as factoring
large numbers or simulating molecules
chemistry.
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Can guantum entanglement be used in sensing and metrology?

Yes! Quantum entangled states improve the precisioreaurements in fields like gravitatial wave
detection, atomiclocks, and magnetometry. They exceed classical sensitivity lisiitg quantuni
enhanced techniques

What is Quantum computing, and how does it work?

Quantum computing is an advanced field of computing that uses the psnaiglaantum mechanics
T such assuperposition, entanglemerdand quantum interferenceto perform calculations. Unlike
classical computers, which use bits (either 0 or 1), quantum computegslargeim bits or qubifs
which can represent both 0 and 1 diaweously.

Fig 11: A quantum computer by IBM from2019
with 20 superconducting qubits.

® O »- |0)
i
== Bl 195~ 1)
———fFFr-- V2
® 1 [
Classical Bit Qubit

Fig 13: Classical bit and Qubit

How it works? i Quantum computers work by using three key prinsipliequantum mechanics

(1) Superposition: A classical bit can be either 0 and 1. A qubit, however, can be in a combination of
both 0 and 1 at the same time. Superposition allows quantum computers to process many
possibilities at once.

(2) Entanglement: It links wuantum bits or qubits together and creates powerful correlations that can
be used for complex calculations. Einstein
di stanceo.
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(3) Quantum InterferendeQuantum computers use interference to combine and qaobealbilities.
It refers to how probability amplitudes from different quantum states combine with each other
and guiding the system toward the correct answer among many possibilities.

These properties allouantum systems to perform many calculationsukameously, providing
significant advantages in data processing, pattern recognition and optimization. Quantum
computation forms the backbone of quantum machine learning. Quantum computing is used in variety
of advanced applications, such as drug disggveyber security logistics, and predictive data
analysis.

x Machine learning: Machine learning is a stiield of artificial intelligence thagives computers
the ability to learn from data and make decisions or predictions without being explicitly
programned for every task.

Machine learning is the field of study that gives computers the ability to learn without being explicitly
programmed. 0O
-Arthur Samuel, IBM researcher and creator of one of the first $edfrning programs
(Source: Samuel, A.L. 1959. MBjournal of research and development)

Creating intelligent machines
mimicking human Intelligence.

Algorithms enabling computers to
learn from data.

Computational models with
interconnected artificial neurons.

Neural networks with muitiple
lxyers for hierarchical
representation leaming.

Fig 14
MACHINE LEARNING




Classical Machine Learning - CML
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Quantum Machine Learning

Quantum Machine Learning (QML) is an interdisciplinary field at the intersection of quantum
computing and machine learning. It is the study of quantum algorithms wdli@hreachine learning

tasks. QML algorithms use qubits and quantum operations to try to improve the space and time
complexity of classical machine learning algorithms.
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Quantum machine learning has the potential to revolutionize many im$ublyi solving complex
problems that are difficult for classical computers. QML can model molecular structures and chemical
reactions at the quantum level, speeding up the process of discovering new drugs and materials. It is
useful for portfolio optimizatn, fraud detection, and market prediction. Quantum algorithms can solve
route optimization problems much faster, which helps in transportation, delivery, and warehouse
management. Quantum machine learning could help in detecting cyber threats and arinmedie

time. It also plays a role in developing quantum safe encryption methods. It can analyze large data sets
in particle physics, astronomy, or climate science more effectively than classical tools.

Quantum Machine Learning is still developing, buthwcontinuous progress in quantum hardware,
hybrid algorithms, and global research, many of its current limitations can be overcome in the coming
decade.
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Quantum mechanics is already the foundation of enodphysics, enabling technologies like
semiconductors, lasers, and MRI machines. But its full potential is far from reached. With the rise of
guantum computers, entangled networks, and quantum sensors, the next chapter of quantum mechanics
promises to besven more impactful. What lies ahead is not just a scientific revolution but a
transformation of how we live, think, and understand reality.

Conclusion

Over the past 100 years, qguantum mechanics has sparked a scientific revathtianging classical

ideas and opening doors to entirely new possibilities. This journey began withahtum Revolutign

laying the foundation of modern physics. The phenomendpuaintum Entanglememwleepened our
understanding of nerocality and information transfer, wiilthe rise ofQuantum Computingas

begun to transform how we procesgaland solve complex problems technology evolved, Machine
Learning emerged as a powerful tool to analyze data, and its combination with quantum principles in
Quantum Machine Learng now represents the cutting edge of both science and Al. Together, these
developments show that quantum mechanics is not just a theory of tlieitdgaghe engine of future
innovation.

As we look ahead, the continued exploration of quantum ideagatibnly enhance our technologies
but also reshape our perception of reality itself.
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Abstract
The development of quantum mechanics over the past centuryuhdamentally altered our
understanding of nature. From Max Planckés hypot

of individual quantum systems, this essay traces the conceptual, experimental, and technological
evolution of quantum theory. It ¢inlights pivotal moments in both the first and second quantum
revolutions, including the rise of semiconductors, lasers, and magnetic resonance imaging, followed by
advances in guantum computing, sensing, and communication. Emphasis is placed on landmark
experimental validations, key scientific contributors, and the gradual shift from theoretical frameworks
to applications capable of transforming computation, metrology, and secure communication. The essay
also outlines recent developments such as superctmglgubits, entangled networks, and quantum
enhanced measurement standards, concluding with a foleaiithg view of the challenges and
possibilities in the emerging quantum technological landscape.

Introduction

Quantum mechanics emerged as a revaiatip framework in the early 20th century, challenging the
deterministic worldview of classical physics with a probabilistic andintuitive model of reality.

I nitiated by Max Planckds hypothesis of aguanti z
through the contributions of Einstein, Bohr, Schrddinger, Heisenberg, and Biemt addressing
fundamental inconsistenciegich classical mechanics could not resolve. These developments laid the
foundation for a formalism that would redefine our untderding of matter, light, and their interactions

at microscopic scales.

This essay traces the centdoyg journey of qguantum mechanics, emphasizing bothadteeptual
evolutionand its increasing technological relevance. From the passive observatimgmtim effects

in the first half of the century to the deliberate control of quantum states in recent decades, the narrative
showcases how theory has matured into application. It highlights key experimental breakthroughs,
pivotal scientific contributong nd t he ri se of t wo d e€ashtemabliogtnov@lgu ant
technologies that are reshaping computation, communication, and sensing.

With 2025 designated by UNESCO as the International Year of Quantum Science and Technology, this
retrospective ians not only to commemorate a century of quantum thought but to reflect on its societal
impact and future directions. By examining the progression from theoretical insights to engineered
guantum systems, the essay underscores the transformative pdiantiestahead in the quantum age.

Theoretical Foundations and Early Development

The inadequacy of classical theory to explain certain experimental results became evident through key
anomalies that resisted interpretation via Newtonian mechanics or Méaxsvelle | ect r ody nami c
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intellectual crisis catalyzed a period of rapid conceptual innovation, resulting in the formation of an
entirely new theoretical edifice for understanding matter and radiation at microscopic scales.

The foundational step toward quam theory was taken by Max Planck in 1900. In attempting to

explain the spectral distribution of blackbody radiation, Planck introduced the revolutionary idea that
electromagnetic energy is not emitted continuously, but in discrete packgiarda By proposing

that the energy of each quantum is proportional to the frequency of radiatiorh), Bvhere n is an
integerandh s Pl anckds constant, h e 0 a divergehce gratlictédiipye  u l t r
classical theory at high frequencies. Though i
hypothesis introduced a profound concemergy at atomic scales is inherently quantized.

Building upon this idea, Albert Einstein in 1905 extended the quantization principle to light itself. He
proposed that light consists of individual quanta, later termed photons, and used this coxpégnto e

the photoelectric effedtwhere electrons are ejected from a metal surface only when incident light
exceeds a certain frequency, irrespective of intensity. This observation could not be reconciled with the
wave theory of | dlikgmodel ndEanly explanedttie shreghald biehiavdor it also
connected the energy of photons directly to frequency, strengthening the case for a quantized nature of
electromagnetic radiatiodf he next maj or devel opment c¢cd9%h% with
IntegratingRut her f ormmédelnuwi er Pl anckbds quantizati on,
revolve around the nucleus in discrete orbits without emitting radiation, and transitions between orbits
involve absorption or emission of photons vétiergy equal to the difference between quantized levels.
Though Bohrdéds model successfully explained hydr
internal consistency, particularly farulti-electron systems.

By the early 1920s, it became alghat a deeper theoretical structure was needed. This led to the
formulation of waveparticle duality and the evolution of guantum mechanics as a rigorous framework.
Louis de Broglie (1924) hypothesized that matter, like light, exhibits wave propeugggssing that
electrons possess an@assi at ed wa v.dis @eagvashspon eorfilmedrexperimentally and
provided a critical bridge between classical mechanics and emerging quantum concepts. Two
independent but ultimately equivalent mathematicahfdations of quantum theory emerged in 1925

1926. Werner Heisenberg developed matrix mechanics, focusing on observable quantities and
commuting operators to describe quantum systems. In contrast, Erwin Schrodinger introduced wave
mechanics, where thevolution of a quantum system is governed hyaae functiony satisfying a
differential equatiod the nowfamous Schrddinger equation. While initially seen as conflicting
approaches, both were shown to be mathematically consistent and complementary, offering different
perspectives on quantum behavior.

Max Born furher clarified the meaning of thwave functionby proposing its probabilistic
interpretation. The square of the amplitude,( "%, yepresents the probability density ofiding a

particle at position xintroducing intrinsic uncertainty and replacing detiistic trajectories with
statistical predictions. This philosophical shi
(1927), which established a fundamental limit to the precision with which conjugate variables such as
position and momentum céiek n o wn s i mul t a n dhasypsntipte:is nopa lqmtation bf2 .
experimental technology but an inherent property of qguantum systems.

These theoretical breakthroughs culminated in a general mathematical structure for quantum theory.
Paul Di r ardfiédsthe veohrodinger and Heisenberg formalisms and extended quantum
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mechanics to account for special relativity, ultimately predicting the existence of antimatter. The
abstract framework based on Hilbert spaces, linear operators, eigenstates, and ttiomu
relation® provided a universal language for quantum physics, applicable to systems ranging from
atoms to fields.

Thus, the foundational period of quantum mech@&icss om Pl anckds energy (guzé
formalism of Dira® represented a systematdismantling of classical assumptions and their
replacement with a framework that was consistent with both observation and internal logic. Each
contribution addressed a specific paradox or empirical inconsistency, while simultaneously opening

new directiondor exploration. This coherent but counterintuitive structure laid the groundwork for

future developments, both theoretical and experimental, and initiated the most significant conceptual
revolution in physics since Newton.

Experimental Evidence and Confimations

The strength of quantum mechanics lies not only in its mathematical elegance but in its power to predict
and explain experimental results that classical physics could not. Acedtrcentury, pivotal
experiments conf i r meplinciged auabtization, wiveasticle duality, @arar
entanglemeid reshaping our understanding of physical reality.

One of the earliest confirmations came from the FraHekiz experiment, where electrons striking

mercury atoms lost energy in discrete amtsuvalidating the idea of quantized energy levels and
supporting Bohr és at omi c iGeongreekperiméodemonstadatet ehat , t he
electrons produce interference patterns when scattered off a crystal, proving the wave nature of matter.

Thi s was a striking affirmation of d-ke@aopertgps. i eds h
The SterinGerlach experiment deepened this shift by revealing the quantization of angular momentum.

A beam of silver atoms split into discrete pathsimagnetic field, defying classical expectations of a
continuous distribution. This finding introduced the concept of quantized spin and supported a
probabilistic framework of quantum behavior, where measurement outcomes are inherently uncertain.

As techology advanced, attention turned to entanglehent guabl y quantum t heor
intuitive feature. In 1964, John Bell proposed a testable inequality to distinguish quantum mechanics

from any local hiddetvariable theory. The Aspect experiments of 1880s confirmed that entangled
particles violate Bellds inequality, proving th
results gave credence to what Einstein once called "spooky action at a distance."

Subsequent quantum optics experimeniduiting delayeethoice and quantum eraser setups, probed

the role of the observer and the timing of measurement. Their results hinted that choices made after a
system evolves can affect its behavior retrospectively, suggesting -alassical link between

information and reality. Despite overwhelming experimental success, interpretational debates continue.

The Copenhagen interpretation accepts intrinsic randomnessavia functioncollapse,while the

Many-Worlds interpretation posits that all outbes occu in branching universeThough these
framewor ks ma k e i denti cal predictions, t hey ref
structure.

These landmark experiments transformed quantum mechanics from abstract theory into empirically
grounded sciere. They laid the foundation for the first quantum revolution, where these principles
moved from laboratory curiosities to technologies that define modern physics.

57



The First Quantum Revolution: Foundations of Modern Technology

The first quantum revolutiorspanning from the 1920to the latter half of the #@entury, marked a
profound transformation in the relationship between fundamental physics and practical technology.
While early quantum theory provided a framework for understanding phenomena #intie and
subatomic levels, the first revolution arose when this abstract knowledge began to be harnessed for
concrete applications. This period saw the transition of quantum mechanics from a theoretical necessity
into a foundational toolkit for engineegrnhe modern world.

One of the earliest and most impactful applications was the development of semiconductor technology,
rooted in quantum principles such as energy band theory and tunneling. The quantum mechanical
understanding of electron behavior inipdic potentials enabled the design of materials with tailored
electronic properties. This understanding culminated in the invention of the transistor in 1947, a device
that exploits the controlled flow of electrons through semiconducting materials. dingstor's
operation depends critically on quantum tunneling and discrete energy levels in doped silicon, marking
the beginning of the digital age. The miniaturization and scalability of transistors laid the foundation
for integrated circuits, microprocess, and ultimately modern computing.

Another landmark innovation was the laser, developed in 1960 based on the principle of stimulated
emission, first predicted by Einstein in 1917. In a laser medium, electrons are excited to higher energy
states and themduced to emit coherent photons by incoming radiation of matching energy. This
process relies on precise control of quantum transitions, making lasers a quintessential quantum
technology. Today, lasers are ubiquitous, playing roles in telecommunicatinedicine,
manufacturing, and data storage. Magnetic Resonance Imaging (MRI), a powerful diagnostic tool in
medicine, also owes its existence to quantum mechéamsigscifically, the manipulation of nuclear spin
states. MRI is built upon the principles ofctear magnetic resonance (NMR), discovered in the 1940s,
where nuclei with intrinsic spin respond to external magnetic fields and radiofrequency pulses. The
guantum mechanical treatment of spin dynamics and relaxation processes enabtesohigjbn

imagng of soft tissues, revolutionizing némvasive diagnostics.

Quantum theory also transformed our understanding oftigttter interactions, giving rise to the field

of quantum optics. The quantization of the electromagnetic field, photon statistitheantkeraction

of atoms with quantized radiation fields became central topics in both fundamental physics and applied
photonics.The invention of thehoto detectoand lightemitting diode (LED) are direct descendants

of quantumelectronic principles,nvolving the controlled recombination of electdoole pairs across
guantized energy bands.

Furthermore, the phenomenon of quantum tunnélimyere particles traverse classically forbidden
energy barrie® became a key enabler in both theoretical insightpradtical devices. It found use in
scanning tunneling microscopy (STM), which allows for atesaale resolution imaging of surfaces

by exploiting the exponential sensitivity of tunneling current tosipmple separation. This
development marked the beging of the era of surface science and nanotechnology. Throughout this
revolution, the application of quantum statistical mechanics was equally transformative. The
classification of particles into fermions and bosons, governed by the Pauli Exclusiompl@rarad
BoseEinstein statistics respectively, led to advancements in-staltd physics and letemperature
physics. The realization of phenomena like superconductivitgaper fluidityfurther underscored the
predictive power of quantum mechanics @sdribing collective behavior in condensed matter systems.
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Importantly, the first quantum revolution was not the result of a single discovery, but a convergence of
theoretical insight, experimental verification, and engineering innovation. It enabledltegha that

have become so deeply embedded in modern life that their quantum origins are often taken for granted.
Yet, each of these advanceménfsom consumer electronics to advanced imaging technigaesse

from the abstract quantum principles develogedng thefoundational decades of the'2€entury.

By the end of this period, quantum mechanics had firmly transitioned from a domain of abstract thought
to the backbone of modern technology. This technological shift set the stage for the second quantum
revolution, where the goal would no longer be to exploit bulk quantum effects, but to directly
manipulate individual quantum systems with precision.

The Second Quantum Revolution: Control of Quantum Systems

While the first quantum revolution helped us arstand collective quantum behaviors and build
technologies like semiconductors and lasers, the second is centered on mastering the fragile details of
individual quantum states. What sets this phase apart is not just applying quantum theory, but designing
systems whose function depends on entanglement, coherence, and supedpisitiarte features that

earlier generations tried to average away. This transition emerged gradually as experiments grew more
refined. Innovations such as laser cooling, ion tragpand nanofabrication moved quantum physics

from the blackboard to the lab bench, allowing active control over previously untouchable quantum
degrees of freedom.

The foundational building block of this era is the qubit, the quantum analog of the ¢lbaisldalike

a 0 or 1, a qubit exists in superpositioholding probabilities of both states until measured. And when
gubits become entangl ed, they encode gl obal cor
principle enables quantum algorithing ke Shor 6s factoring and Grover (
their classical counterparts on specific problems. These theoretical tools ignited serious investment in
guantum computing.

What 6s remar kabl e i s h ow mannhost dhitss trapped tons,p hy si ¢
superconducting Josephson junctions, semiconductor quantum dots, NV centers in diamond, and even
exotic topological quasiparticles. Each platform has tafttebetween coherence time, control fidelity,

and scalability. When | first eoantered superconducting quiditessentially electrical circuits

operating near absolute zérit was eyeopening to see something so classical behave so quantum.

That contradiction sits at the heart of this revolution.

But quantum computing is just one me®uantum communication is another rapidly advancing field.
Protocols like Quantum Key Distribution (QKD) use theatmning theorem and measurement collapse

to enable provably secure channel s. From Chinabo
prot ot ype systems already distribute entangled p
ficionot hey ére functioning testbeds of a future qu
sensing, where phenomena like coherence and entanglement bosstemest sensitivity beyond

classical limits. NVcenter magnetometers, atomic clocks, and quantum gravimeters are finding uses in
medical diagnostics, geophysical surveys, and inertial navigation. These sensors detect signals that
classical devices canneogvealing dynamics that were once hidden by noise.

Often overlooked in popular discourse is quantum simulation, where engineered quantum systems
model the behavior of other quantum systems too complex for classical computation. This approach is
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already yelding insights into higltemperature superconductors, strongly correlated systems, and
chemical reaction dynamics. In some ways, simulation brings quantum theory full circle: we began by
trying to describe nature, and now, with new tools, we simulatieeittty. Naturally, the field faces

steep challengésfragile coherence, errgarone gates, and the immense difficulty of building fault
tolerant systems. But progress is evident. Research groups and companies like IBM, Google, and lonQ
are building incredsgly stablemulti-qubit architectures, moving steadily toward quantum advantage.

What inspires me most is how this revolution dissolves academic boundaries. Physicists, engineers, and
computer scientists collaborate daily, mirroring the entanglementsthdy. In method and mindset,
science today is evolving into something deeply, wonderfully quantum.

Recent Advances and Frontier Research

As the second quantum revolution matured, quantum science transitioned from experimental novelty to
a dynamic, interdciplinary enterprise. Over the past two decades, a convergence of physics,
engineering, and computation has dramatically expanded both the scope and ambition of quantum
research. From quantuemhanced sensing to hybrid computing, recent advances cotttireize our

control over quantum systems, pushing the boundaries of what is measurable and computable.

A key area of progress is quantum sensing, where coherence and entanglement enable precision far
beyond classical limits. Optical lattice clocks, wgsimarrow atomic transitions, now achieve
timekeeping accuracy so precise that they drift less than a second over billions of years. Meanwhile,
guantum magnetometers based on nitregeazancy (NV) centers in diamond can detect femtotesla
level magnetic fielsd crucial for applications in medicine, geophysics, and space navigation. In
guantum metrology, the adoption of the quantum Hall resistance standard and Josephson voltage
standard reflects a deeper shift: even our definitions of precision are now futafneentum. In

parallel, quantum simulators have emerged as powerful tools for modeling complex quantum systems.
Unlike generaburpose quantum computers, these simulators are tailored to problems in materials
science, chemistry, and higimergy physicsFor example, analog and digital quantum platforms have
begun replicating lattice gauge theories and topological phases, bridging abstract theory with
experimental insight.

Another fastevolving frontier is quantum machine learning (QML). While often@umded by hype,
certain quantum algorithms do show prordiggarticularly in optimization and kernblsed methods.
Variational algorithms like VQE and QAOA, which operate as hybrid routines on current noisy
guantum processors, are being explored forweald tasks. As someone drawn to both theoretical
physics and computation, | find this intersection compedliitgsuggests a future where learning and
prediction are constrained not only by data but by quantum structure itself.

Meanwhile, quantum photonica$ enabled breakthroughs in quantum communication. Networks like
Chinabés Micius satellite and Europebdés SECGOQC pr
based encryption, offering eavesdroppprgof key distribution. These advances rest on yeérs
development in higfidelity photon sources, entangkpdir generation, and lo¥oss transmission
infrastructure.

Importantly, quantum research is no longer siloed within national labs or elite institutions. Global
collaborationd such as the Quantumétr n e t Al |l i ance, QUANTERA, and |
Missiond highlight how strategic and inclusive this field has become. Gperce frameworks like
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Qiskit and Cirg provide access to real hardware and allow students, like myself, to participatéein front
work regardless of geography. Perhaps most exciting is the shift in how quantum phenomena are
perceive@® not as fragile curiosities, but as resources. Entanglement enables secure communication;
coherence enables ultrasensitive sensors; superpositi@rgpaew computational paradigms. In this
reimagining, the very features that once seemed abstract or troublesome are now the basis of
transformative technologies.

What strikes me most is how quantum research continues to provoke fundamental duestbnrts
knowledge, predictability, and control. These are not only scientific inquiries, but philosophical ones.
In that sense, the quantum frontier remains one of the most intellectually alive regions in all of modern
science.

Key Scientists and Their Contributions

The history of quantum mechanics is not simply a catalog of discoveries, but a deeply human sequence

of responses to physical puzzles that resisted classical reasoning. The earliest cracks appeared when
Max Planck, attempting to resolve the blackbodgliation problem, introduced the idea of energy
guantization. Though originally a mathemati cal f
that would redefine our understanding of nature. Albert Einstein built on this foundation by proposing
thequantum nature of light, explaining the photoelectric effect using discrete energy paulketsns.

It is a curious irony that Einstein, one of the fathers of quantum theory, would later challenge its
probabilistic interpretation, famously declaringthaGod does not pl ay dice. 0 Y
instrumental in legitimizing the quantum worldview.

As the theory matured, Niels Bohr constructed a model of the atom that incorporated quantized orbits,

later leading to the philosophical stance known asGbpenhagen interpretation, which emphasized
complementarity and the central role of measurement. This framework was given formal mathematical
structure through Werner Heisenbergds matri x me
two approaches # seemed at odds but were ultimately shown to be equivalent. Their unification was
largely achieved by Paul Dirac, whose formulation of relativistic quantum theory predicted the
existence of anti matt er .wakdunctioBas aprobabilityi amplimdep r et at
provided the crucial statistical framework, completing the shift from determinism to inherent
uncertainty. Decades later, John Bell demonstrated that quantum mechanics could not be mimicked by

any local hiddesrvariable theory, and Alan Aspect 6s experiments confir
physical reality of quantum entanglement.

I n the modern er a, Peter Shorés qu-#olrariqoantuingor i t h
computing mark a new frontier, where the theoreticaksiire of quantum mechanics is actively being
transformed into scalable technologies. These contributions, though separated by decades, form a
continuous am@ a conversation across generations about what it means to describe, measure, and
influence realityitself.

Quantum Technologies for the Good of Mankind

Quantum mechanics, once a subject confined to the pages of theoretical physics journals, now finds
itself woven into the fabric of modern society. The technologies it has indpirech semiconductors

to magnetic resonance imagthdnave profoundly shaped medicine, communication, computing, and
measurement. As we move deeper into the era of controlled quantum systems, this influence is
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expanding, with the potential to solve complex societal problems anésaddeeds that classical
systems have struggled to meet.

One of the clearest examples of quantum benefit lies in medicine and imaging. Techniques such as MRI
and PET scans rely on the quantum behavior of nuclei and pesigcinon annihilation, respeegly,

to provide norinvasive and highiesolution diagnostics. These technologies have transformed medical
practice, enabling early detection of disease and guiding critical interventions. In more recent years,
guanturrenhanced sensors are being develdpeatbtect magnetic fields produced by brain actévity
offering promise for the diagnosis of neurological disorders with unprecedented sensitivity. In
information security, quantum mechanics offers a fundamentally new paradigm through quantum key
distribution (QKD). By leveraging the noloning theorem and measuremérduced collapse, QKD
allows two parties to share encryption keys with provable sedusity eavesdropping attempt disrupts

the gquantum state and becomes detectable. This is not just a tla¢atgiizsity; prototype quantum
networks now exist in several countries, with applications ranging from banking to government
communication. As concerns around data privacy and efecks escalate, quanttsacure
communication may become a cornerstohfiture infrastructure.

Another promising application lies in climate and environmental science, where quantum sensors can
measure gravitational fields, magnetic anomalies, and atmospheric conditions with exceptional
precision. Such sensors can help manrgroundwater reserves, map underground structures, and detect
early signs of earthquakes. Quantum simulators, on the other hand, may help us understand the behavior
of complex molecules, contributing to the design of green catalysts or materials fom cagpbure
technologies critical for mitigating climate change.

Importantly, quantum technologies also encourage scientific inclusivity and collaboration. Unlike the
industrial revolutions of the past, the quantum revolution is unfolding in the age ofsopee
software, shared research platforms, and global academic exchange. This accessibility allows
researchers in developing regions to participate in frontier science, leveling the playing field in a
discipline once dominated by resouwtoeavy institutbns. In this sense, the future of quantum
technology is not only about computing speed or precision but about the kind of scientific culture we
choose to build.

Future Possibilities ard Conclusion

The next frontier in quantum technology lies in the pursbigystems that are not only functional but
integrated, secure, and scalable. One major goal is the realization of a quantumdirderastork
based on entangled quantum states, capable ofselttae communication and distributed computing.
While still experimental, progress in sateHliased entanglement and quantum repeaters suggests that
such infrastructure may be feasible within the condiagades. Icomputing, advances in fattilerant
architectures and error correction are gradually addreggrignitations of noisy quantum devices. As
control over larger qubit arrays improves, practical quantum advantage may soon extend beyond narrow
demonstrations to realorld problem$§ ranging from materials design to optimization in logistics and
finance.Equally important is the shift in how society may interact with quantum systems. What began
as abstract mathematics has become a-dissilinary platform for innovation. In this light, guantum
technologies are not just tools, but opportunities to reshegw we learn, collaborate, and solve
problems.
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Ultimately, the story of quantum mechanics over the past centutgssaanent to the power of ideas

ideas that once defied logic, but now define technology. As the field enters its second centerg, it off
not just deeper understanding, but deeper responsibility. The quantum world, once hidden, is now a
canvas for scientific and societal transformation.
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Abstract

Quantum physics, as the hame suggests, is the branch of physics which initiates the exploration of the
universe from the fundamental (quantum) level. From the microscopic objects to the macroscopic ones
inoureve yday | i ves, it is present everywhere. Even
about it. Neils Bohr once saifi,l f quantum mechanics hasnodét profou
under sto®d comgeltetodbs del vegwdrldefpguantumisaehce. t hi s f as

Introduction

Look around. What do you see? | am sure you will see at least one person with a smartphone, computer
or |l aptop, isnodot it? Well in todayodos world itds
| et @gine a scenario where a person has gone for grocery shopping for the week. During the
payment, he has to stand in a long queue waiting for his turn as the cashier records the price of each of
the products and calculate the total bill using an abacusynaédy This indeed takes a whole lot of

time. Actually this was the scenario back in the 19th century when digital smart devices did not exist.
Contrary to those times, in the present digital era, if we go shopping, the cashier would instantly scan

the barcode on the products and the total bill would be generated in a computer connected to it, in just

a jiffy. You would be wondering how all these grocery shopping is related to quantum physics. Well

this will be cleared to you in just a bit.

Science, as wienow, is all about exploring the mysteries of nature. Nature itself is the origin of science
and the mysteries it holds calls for curious minds to go deeper into it and look for answers or even
guestions never thought before. One such question arose, stttok the world of classical physics

was, when Gustav Kirchhoff in 1860 came up with a peculiar conthaptBlack Body.

Kirchhoff was doing his work on thermal radiation, when he formulated a law stating that the ratio of a
body's emissive power to itdsorptivity is the same for all objects at the same temperature and
wavelength. To understand this law, Kirchhoff introduced the concept of a black body, which he defined
as an object which is a perfect absorber and emitter of electromagnetic radiatioit'svimethermal
equilibrium. This was an idealization, as no real object absorbs 100% of radiation, however, he showed
that a small hole in a cavity, coloured completely black from inside could closely approximate a black
body. This blackbody model givday him laid the groundwork for a new era in the world of science.

THE DAWN OF A NEW ERA

It was during the period when classical mechanics prevailed in the physical world when Kirchhoff came
with the blackbody model. So evidently physicists around thedwndde great efforts to explain this
peculiar behaviour of the blackbody. As per classical physics, a blackbody should emit radiation at all
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wavelengths, with théntensity increasing infinitely at
shorter wavelengthgultraviolet catastrophe). Howeve
this contradicted experimental observations, which sho
a peak in the radiation intensity at a specific waveler
(dependent on the temperature) and smaller intensit
shorter and longer wavelengths. Gradually came scier
like Wein, RayleighJeanswho tried to explain the
observation but only to a certain level. It was then in 1¢
when Max Plank proposed his revolutionary idea of ene
not being continuous but quantized in discrete pac
called quanta. This idea resolved the ultraviolet catpke Fig 1: Black Body
and brought physics into a new era: The Quantum Era

Another crucial piece of the puzzle came from Albert Einsieii905, when he successful
explained the Photoelectric effect by proposing that light itself is quantizedxistdas photon:
carrying energy. His groundbreaking insight clearly explained the dependency of the en
ejected photoelectrons on the light's frequency and not on its intédsitiie same lines, Neils Bol
in 1913, with his work on Atomic spectwhere he applied quantum concepts to the structure ¢
atom, proposed a model where electrons orbit the nucleus in specific energy levels. Tra
between these levels involve the absorption or emission of photons with corresponding energ
model by Bohr brilliantly explained the observed hydrogen atom's spectrum.

The early 28 century, thus, saw further development of more sophisticated quantum th
including matrix mechanics by Heisenberg and wave mechanics by Schrodinger, winighwistho
the concept of wavparticle duality, were pivotal for the future of quantum mechanics whick
revolutionized our understanding of the universe.

A PARADIGM SHIFT: THE FIRST QUANTUM REVOLUTION

Prior to the early 2Dcentury, classical physicdfered a seemingly complete framework for explaining
physical phenomena in the macroscopic world. However, a series of puzzling observations at the atomic
and subatomic scales revealed the limitations of classical theories. This sparked a scientiiomevol

that still continues to shape our technological landscape: The First Quantum Revolution.

The first quantum revolution was a period of intense scientific discovery in the early 20th century,
marking a critical moment in the history of science, uslgeimna fundamental shift, broadening our
horizon to understand the universe. This revolution, driven by ctatigg theories and experiments,

all coming together like the pieces of a puzzle, laid the foundation for numerous technological
advancements thahape our world today.

On this accord | etbés dive into the past and see
field was put together.

A QUANTUM AWAKENING: BLACK BODY RADIATION

Theyear was 1900. Physics, at least on the surface, seenbe nearing completion with Newtonian
mechanics and Maxwell's electromagmnetiseigning the world of sciencéret, a strange problem
persisted the curious case d@f Bl -B o kl y R a dGlaasical physits predicted that a black body
(an idealized olgict that absorbs all incident radiation) at thermal equilibrium should radiate an infinite
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amount of energy at high frequencies (short wavelengths). This prediction, dramatically at odds with
experimental observati ons, ewMasPlanakra@errdanphlgseistUl t r a v
found himself wrestling with this
puzzle. He was a brilliant min
steeped in classice
thermodynamics, striving to fini
an explanation to thi
experimental data. He propos
that the energy of the oscillato
within theblack body, which were¢
responsible for emitting th
radiation could only exist ir
discrete pekets, or "quanta'
given by: 6 Eh=3 Gvhere h is . 10

Pl anck's consi o LA

frequencyThus was born the Fig:2 Black Body Radiation: wavelength vs. intensity
6Qant um T hopanedyddors toham éntirely new understanding of the universe at its
fundamental level.

® A maxmum

Radwabion intensity

QUANTUM LEAP OF LIGHT: PHOTOELECTRIC EFFECT

After just 5 years, in 1905, a young patent clerk in Bern, Albert Einstein, shook the founddtions
physics once again. He took Planck's quantum concept and, rather than seeing it as a mathematical
artifice, embraced it as a revolutionary truth about the very nature of light.

He focused on the perplexing phenomenodd h ot o e | e ¢ whereirovhek fight dattstod a

metal surface, it ejects photoelectrons. Classical physics, treating light as a continuous wave, predicted
that the energy of these ejected electrons should depend on the intensity of the light. Contrast to this,
experiments showedahthe electron's energy actually depended on the frequency of the light, and there
was a minimum threshold frequency below which no electrons would be ejected, no matter the intensity.

Einstein, thus, proposed that light al
composed of discrete packets of ener
which he called 061
Ophotonsdé and each
by Planck's equatio@®= ' . He explained tha
when a singlg@hotonstrikes an electron, if it:
energy is greater than therk function, then
the electron is ejected, with any excess ene
becoming the electronisnetic energy This
was summarizely the

Equation 0= * =%d-0 Qy

This explanation perfectly matched
experimental observations and aaoted for
the threshold freqancy and the
frequency dependent kinetic energy. Ye
despite his cruciable in establishing

Fig:3 Photoelectric Effect

66



guantum theory, Einstein grew increasingly uneasy with its probabilistic nature as the theory developed.

He believedim det er mi ni sti c universe governed by defir
pl ay diceb. Hi s phil osophical objections |l ed hir
and publishing the EPR paradox in 1935 which provoked a famousraytiyjelebate with Niels Bohr.

ECHOES OF LI GHT: BOHROG6S MODEL ATOM

Later in 1913, a Danish physicist, Niels Bohr, building upon Planck's quantum theory and Rutherford's
model of atoms, ipposed a revolutionary Mo dfe | T loe whdreinraléctrons could onbccupy

specific, quantized orbits around the nucleus, each with a fixed energy, called as stationary states. In
these orbits, electrons did not emit energy, ensuring atomic stability.

Electrons could also move between these allowed orbits by absorbémgiting energy in discrete
packets, or photons. The energy of the photon corresponded exactly to the difference between the two
energy levelsb pEsflB=h36He further introduced the idea th:

an orbit is quantized, meiag it could only take on values that are wholember multiplesob h /.2 ~ 6
This quantization was key to explaining the atomic spectra.

Bohr's model was a monumental success as it explained the stability of atoms and accurately predicted
the specific spedl lines observed in the light emitted by hydrogen atoms, both of which classical
physics failed to explain in Rutherfordos model
account for the wavpatrticle duality of matter.

QUANTUM RIPPLE: DE BROGLI E HYPOTHESIS
On these lines, in 1923, Louis de Broglie, a French aristocrat, fascinated by the emerging quantum
mysteries and light's waygarticle duality, posed a question: could particles like electrons also exhibit
wavelike behaviorHe, as a resulintroduced the concept 6f Ma t t e r : th&/amlaa ¢hapérticles,
[ ———— ke electrons, also possess way
= oo 1 = like properties given by th
equation:6 aa=h/ pher e
particleds wave
wavelength), p itsnomentum, and |
is Planckés con
F | A Electron Beam 4 Nickel that highesmomentum particles ha
“ | Tanget shorter wavelengths.
, Broglieds idea
e« Electron <» ;
LT gun { i ke waves e X
o guantized orbits as standing wav
O\ Diffracted | Vacuum fitted whole numbers o]
‘Nli'lill\(‘:‘l?'il)tli ~/' i')"';‘:':lll"-”' " Chamber wavelengths. This waveature was
Pad’s,% . confirmed in 1927 wherDavisson
l'o galvanometer h 4 and Ger mer obs

— (| fraction off
Fig. 4: Davissoni Germer experiment Independently, Thomson
and Reid in the UK saw similar diffractigmatterns using thin metal filmsa | i dat i n

Hypothesis

H.T

3 S -*

iy
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MATRICESAND MYSTERI ES: HEI SENBERG6S QUANTUM VI SI ON

I n the year of 1925, a German physicist at Bohr o
6 Mat ri x Mthefinsefull forrnaldion of quantum mechanics. He proposed that physics should

focus only orobservable quantities, like light frequencies from atomic transitions, avoiding imagined
electron paths. Using nesommuting matrices to represent state ttansons ( AB | BA) , He
along with Max Born and Pascual Jordan, built a new mathematical framework for quanturé theory

just six months before Schrddinger introduced wave mechanics.

Then in 1927, he revealed that certain pairs of physical progeities position and momentuin

cannot both be precisely known at the same time, due to the fundamental nature of quantum mechanics.
He il lustratedr ahimi asosngopedgammaor derendrgy | ocat
light (short wavelengbhis needed, but this disturbs its momentum. Conversely, accurately measuring

the momentum requires lower energy, making position less certain. This intrinsic limitation was
expressed by the famous equation of uncertaintpx gpp O / 26

6 The Uncer t a,thnd showBdrthatrmuantymlingeierminacy is not due to poor measurement
but is a fundamental feature of nature. It marked a sharp break from classical physics and troubled even
Einstein, who resisted the idea ofiaherently unpredictable universe.

PULSE OF THE QUANTUM WORLD: SCHRODINGER EQUATION

Bythemdl1 920s, quantum theory had advanced through
Bohr o6s at omi ¢ model , a mdout @ éacked raocghlerenmd@hematinal t t e r \
framework.

In 1926, Erwin Schrédinger, an Austrian physicist, came to the rescue. He was intrigued by de Broglie's
hypothesis of matter waves and was curious to know whether these waves could be described by a
mathematical equation, justléght waves are described by Maxwell's equations? Thus he came up with

t hegchr°odi nge,r deegsucartiiboinfbg how O6Wave Functions (Q)
became a cornerstone of quantum mechanics, providing a tool to calculate the wawe fiilacslystem

and its dynamic changes. His equation came in two forms:

1 Time-independent Schrddinger equation:
H = E, @escribing the stationary states of a system and their corresponding energy levels.
1 Time-dependent Schrodinger equation:

i 0Qq/ OQdeseribi@g how wave function changes over time.

This equation revolutionized physics by:
1 Explaining quantized electron energy levels.
1 Introducing atomic orbitals as probability distributions and supporting yaxtecle duality.
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Later, in 1935, Schrddieg proposed his
famous 0Cat Thou:
challenge the Copenhagen interpretati
which held that guantum systems exis!
superposition until  observed. F
imagined a cat in a sealed box with
radioactive atom, a Geiger counter, &
poison. If e atom decays, the cat dies
not, it lives. According to quantur
theory, until observed, the cat is bc
alive and dead. Schrédinger meant this
a critiqueéd highlighting the absurdity o
applying quantum rules to th
macroscopic world and questionit
where the boundary between quant
and classical reality lies.

Hammer (
\ A

’“"\"\“ ‘:\ Geiger Counter

Fig5Schr°dingerds cat t
QUANTUM SYMPHONY OF SPIN AND RELATIVITY: DIRAC EQUATION

By the late 1920s, quantum mechadiesi t h Hei senber gbs Matr iWaveMec hani
Equatio® was successfully describing atomic behavior. However, it lacked compatibility with
Einsteinbs special r e | -apedd pheriomenav Bairlyceffortaylikestheddein c i a |
Gordon equation, faced issues such as negative plitibal@ind unphysical solutions.

This challenge drew the attention of Paul Dirac, a brilliant, mathematically driven physicist at
Cambridge. In 1928, he formulated theD i r a ¢ eagrelasivistic wavé equation for the electron
that was firstorder inboth space and time. It introduced matrices and adoonponent wave function

gi ven Mymc)6q=0 6

Its key implications include:

1. Electron Spin The equation naturally explained spin as a consequence of relativity, not an added
feature.

2. Antimatter. It predicted negative energy solutions, which Dirac interpreted as antiparticles. In 1932,
Car | Ander son discovered the positron, confirm

Diracés ideas also |l aid the groundwor k f@®7 6Quan
paper. Though QED became one of the most precise theories in physics, Dirac was critical of later
methods like renormalization, which he found mathematically unsatisfying.

The collective contributions of these scientific giants marked the First Quddnpiution focusing

on understanding the fundamental nature of reality. These theories not only explained previously
inexplicable phenomena but also opened new avenues for research and led to the development of
technologies unimaginable in the classigal e

FROM THOUGHT TO TECHNOLOGY: THE SECOND QUANTUM REVOLUTION

Carrying forward the legacy, the Second Quantum Revolution is a time of rapid advancements and
practical applications built upon the foundational principles of quantum mechanics, extending) beyon
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the initial discoveries of the 20century. This revolution is characterized by the manipulation and
harnessing of quantum phenomena, like entanglement and superposition, to create new technologies
and explore the fundamental nature of reality. It isjist about understanding the quantum world, but
actively engineering it for technological advancemeftis revolution isdeeplyintertwined with
6Quantum | nf or mat,iadield b8re froenrthe édusioh Qflgantdm mechanics and
information theoy.

Unlike the first revolution, which focused on the collective behavior of quantum systems (like electrons
in semiconductors), the second revolution centres on controlling and exploiting the properties of
individual quantum particles. Besides, it alswadlves leveraging key quantum phenomena such as
superposition and entanglement.

QUANTUM LANGUAGE OF LIGHT: QED

In the late 1940s, three physicists independently made QED predictions, using renormalization, which
matched experiments with remarkable precisithey were:
1 Richard Feynmani He introduced the path integral formulation and intuitive Feynman
diagrams, revolutionizing the calculation of particle interactions.
9 Julian Schwingeri He developed a rigorous operat@sed QED, predicting effects like the
anomalous magnetic moment of the electron.
9 Sin-ltiro Tomonagai He formulated a relativistically invariant QED in wartime Japan and
applied renormalization effectively.

Later, Freeman Dyson showed their approaches were mathematically equivalent, timfiyingto a
consistent and predictive framework. QED became the most accurately tested theory in physics and a
pillar ofthe6 St andar.d Model 6

BELLOS THEOREM

In 1964, in an attempt to test whether quantum mechanics is complete or if hidden variabhesess Ei
suggested, existed, John Stewart Bell, developed tBee | | | n. dhjsuraikdd the theprétical

start of the second quantum revolution by making entanglement testable. Even though Bell's theorem
revolutionized the understanding of the quantuanld, numerous experiments had shown violations

of the inequalities.

One such confirmation was done by John Clauser where he showed that the predidti@hs af nt u m

Ent anglhadedhttor ue, violating Bell 6s inéquanmrhi ti es
mechanics. This foundational result laid the groundwork for the field of quantum information science.

Al ain Aspect refined and extended Clauserds wor |
by rapidly switching measurement settings 4hidl i ght also confirming th
inequalities. Further, Anton Zeilinger advanced the field by using entangled photons in his experiments,
which demonstrated the practical use of entanglement.

CONDENSED MATTER AND QUANTUM PRECISION

WolfgangKetterle, Eric Cornell, and Carl Wieman, later, created thedif8toEnstein Condensate

( B E C9 new state of matter where atoms behave as a single quantum entity. Their breakthrough
enabled deeper exploration of quantum mechanics at macroscopis aondle@pened the door to
advanced technologies such as atom lasers anepudicgse quantum sensors.
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QUANTUM IN ACTION

Quantum physics has profoundly impacted the society and the technological landscape through various
aspects.
1. Quantum Entanglement

It is @ phenomenon where particles become intrinsically linked so that the state of one instantly affects
the other, no matter the distance. Ei nstein cal
guantum computing, communication, and sensing, lerppowerful processing and ultsecure data
transfer.

2. Quantum Energy Teleportation (QET)

QET is a fascinating theoretical quantt
protocol, experimentally demonstrated in 2C
using superconducting quantum compute
where energy is transferred betwelstant
locations via entanglemehtwithout moving
the energy itself. A sender (Alice) injec
energy through measurement, and a rece
(Bob) extracts it using a classical signal fr
Alice.

This respects relativity, as the classical sig
travels no fa®r than light.

Fig 6: Quantum Entanglement

3. Quantum Machine Learning (QML)

This is an interdisciplinary field that applies the principles of quantum computing to enhance and
accelerate machine learning algorithms and tasks typically performed oicallassnputers. Some
examples include Quantum Neural Networks (QNNs), Quantum algorithms, Quantum Clustering
Techniques.

4. Quantum Resistance Standard

The quantum Hall effect, a phenomenon occurring in-dimeensional electron systems at low
temperatures antdigh magnetic fields, produces quantized electrical resistance that is extremely
precise and independent of material properties. This forms the basis for the quantum resistance
standard, essential for highly accurate and stable measurements for metnoldgydamental physics
research.

5. Infrared Detectors
These convert infrared radiation into an electrical signal. Unlike thermal detectors, Quantum detectors
operate by detecting the absorption of individual photons and are typically based on semiconductor
materials, offering higher sensitivity and faster response times. These include Quantum Well Infrared
Photodetectors (QWIPs) and Quantum Dot Infrared Photodetectors (QDIPs), used in thermal imaging,
surveillance, and environmental monitoring.

6. Quantum Sensig

This leverages the principles of quantum mechanics, like entanglement and superposition, to achieve
measurements with unprecedented precision and sensitivity. It offers faster, more accurate, and more
reliable geolocation than is possible with todaysellitedependent GPS devices. Also used in
medical imaging (MRI) and materials science as well.
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7. Laser Techniques
Lasersare quantum mechanical devices whose operation relies on the quantum property of
stimulated emission and are essential tools for nudatipg and controlling individual quantum
systems. Some innovations include Laser cooling, Optical purapithgrrecision

8. Superconducting Circuits
These when cooled to extremely low temperatures (millikelvins), exhibit macroscopic quantum
phenomena likgero electrical resistance and the quantization of magnetic flux. These properties make
them excellent candidates for building qubiéfferent architecturesike transmon, flux qubits, and
charge qubits have been developed using superconducting @rooitg which superconducting qubits
are the fastest.

These when cooled to extremely Ic
temperatures (millikelvins), exhibit macroscog
quantum phenomena like zero electri S
resistance and the quantization of magnetic f Overlay of different
These properties make them diemt candidates
for building qubits. Different architectures lik
transmon, flux qubits, and charge qubits hi
been developed using superconducting circ
among which superconducting qubits are
fastest. Fig.7: Qubit

9. Qubits (Quantum Bits)

These are the fundamental building blocks of quantum computers, analogous to bits in classical
computing. Unlike classical bits, which can only represent 0 or 1, qubits can exist in a superposition
of both states simultaneously. They can also be entangledothién qubits, creating exponential
increases in computational power. Superconducting qubits, trapped ion qubits, photonic qubits, and
neutral atom qubits are some examples. Advancements in qubit coherence times, gate fidelity, and
scalability are crucidior building larger and more reliable quantum computers.

quanum bit “qubit”

10. Quantum Technology
Quantum technology applies quantum mechanics to create devices and systems that outperform
classical counterparts. It's the practical outcome of the first quantum revolutiorchtk
1 Quantum computing Uses quantum bits for vastly faster computation.
1 Quantum communicatidnEnables ultresecure data transfer via quantum key distribution.
1 Quantum sensing Allows extremely precise measurements.
1 Quantum simulatioii Models compgx quantum systems for research and innovation.
1 Postquantum cryptography (PQC)Designs encryption resistant to quantum attacks.

All these interwoven concepts and innovations are propelling the quantum revolution forward,
promising to reshape various asgs of our life and open up new frontiers in science and engineering.

QUANTUM LEAP FOR HUMANITY

The second quantum revolution is fundamentally shifting quantum physics from a field primarily
focused on understanding the microscopic world to one focusedrrolling and engineering it for
practical applications. This revolution promises a new era of technologies with the potential to address
some of humanity's most pressing challenges.
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1. Healthcare and Life Sciences
Quantum computers can simulate complexeuoular interactions with higher accuracy accelerating
drug discovery and developmeiahalyzingvast amounts of genomic data to identify patterns and
correlations to create personalized and effective treatments, significantly improve the accuracy and
reolution of MRI scans to enable earlier and more accurate detection of abnormalities like tumours and
optimization of complex treatment plans like radiotherapy.

2. Climate Change ad Sustainability
Quantum technologies can contribute to climate action anthisability by improving climate
modelling, optimizing renewable energy systems, enhancing environmental monitoring with sensitive
guantum sensors, and potentially making carbon capture more efficient. Quantum simulations could
also lead to the developmesftnew materials for solar cells and batteries.

3. Security axd Communication
Quantum technologies can offer solutions for cybersecurity through Quantum Key Distribution (QKD):
unthackable encryption, Pegiantum cryptography (PQC): focuses on developiagsital algorithms
resistant to quantum attacks. Secure communication networks utilizing QKD are being explored
globally, potentially securingritical infrastructure

4. Industries and Infrastructure
Quantum computing can benefit industries through imprewadufacturing processes and materials
design, optimized logistics and supply chains, and enhanced financial modelling for better risk
assessment and fraud detection.

5. Communication and Navigation Optical
. ¢
Quantum technology find S;‘n‘:;u‘;:’r dock ch:art‘;;:;phy
application in GP%atellites which T P * i
Quantum netwogk of | l ‘

utilize highly accurate atomatocks, Lompuning optical clocks LV
which are based on the principles '

Quantum repeater
quantum mechanics, to determi

locations  with  precision.  Thi

Quantum network

transmission of information throug § quantum / long-distance quantum  Quantum
fiore optic cables is also enabled cryptography O'P":n' cryptography g
cloc

gquantum mechanics.

Fig:8 Quantum in communication and navigation
QUANTUM EDGE OF FUTURE

The second quantum revolution is still in its early stages, but the potential for quantum technologies to
reshape various aspects of our lives is immense.

1. Computing and Artificial Intelligence
Quantum computing, utilizing principles like superposition and entanglement, promises to solve
complex problems exponentially faster than classical computers. This could revolutionize further drug
discovery, materials science, and cryptography. Specializadtgm computers like simulators and
annealers are already making strides in optimization and quantum chemistry. Quantum computing can
also accelerate advancements in Al and Machine Learning by efficiently handling complex algorithms
and massive datasets.
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2. Secure Communication ad Sensing
Quantum cryptography (e.g., QKD) uses superposition and entanglement to enable unbreakable
encryption and secure communication. A future quantum internet could link quantum devices for secure
longdistance data sharing @ndistributed computing. Quantum sensors offer ibecise
measurements, promising breakthroughs in medical imaging, navigation, and environmental
monitoring.

3. Materials Science ad Emerging Frontiers
Quantum materials are enabling ngeh semiconducter superconductors, and eneggficient
technologies, enhancing solar cells, batteries, and sustainable energy solutions. Quantum
thermodynamics is exploring quantum batteries and engines for novel energy managemetetnbong
goals like quantum gravityirm to unify quantum mechanics with general relativity, potentially
transforming our understanding of space, time, and the universe.

4. Emerging Quantum Technologies
Recent breakthroughs in Quantum field like entangled photons otthiltrahips for scalablguantum
networks, twistable materials revealing new quantum states|igtglhg biosensor chips using
guantum tunnelling, GR8ee quantum motion sensors usitra coldatoms, and ultrghin lenses
converting infrared to visible lighteach pointing tavard transformative, nexgeneration quantum
applications still in development.

CONCLUSION

As a person living in this era of ongoing second quantum revolution and an enthusiastic student in
guantum physics, | believe that each one of us should know &ndveledge the profoundness of this
extraordinary discipline of quantum world. The evolution from classical physics to quantum mechanics
marks one of the most impactful transformations in the scientific world. 100 years ago what just began
as an effort toxplain the blackbody radiation, soon laid the strongest foundations of redefining our
understanding of nature and is still striding forward gloriously, enchanting us with its immense
capability of helping and changing the world. So as we stand on theokttlge quantum future, the
legacy of early visionaries continues to drive us to do something for the betterment of mankind. Thus,
guantum physics is no longer just a théoiyt 6 s a power f ul engine of pr
frontiers and unlockingthewi ver sed6s deepest secrets.
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1. Early Developments (c. 19001930)

The birth of quantum mechanics began with Max Planck's solution to-tabk radiation in 190,
introducingenergyquanta(B=83 ) . Ei nstein i mmedi ately extended t
is quantzed into photorts explaining the photoelectric effect. In the 19109 2 0 s Bohr 6s mo
t he atom, d e-p 8mrtoigd li & 6 d uavlaivtey , Hei senbergbés matr
eqguation (1926) , and Diracbébs f the mathemaical agdl 9 3 0)
conceptual foundations of quantum theory. Dirdd'® Principles of Quantum Mechanics (1930)

offered the first axiomatic exposition, introducing{et notation and formal operator ruleater, von

N e u ma Mathémsatical Foundationsf Quantum Mechanigqd932) formalized quantum mechanics
rigorously in terms of Hilbert space®lackBody oper at
Theory and the Quantum Discontinu{®978) provides deep insight into Planck's early struggie an
conceptual turning points.

2. Experimental Evidence of Quantum Hypothesis & Theory

Seminal experiments confir med guantum postul at
scattering showing particle behaviour of photons, Davigsemmer electron diffran demonstrating

de Broglie waves. Bel |l 6s t heor e niA4pdcOirbtde)197@snd s ub
80s) offered strong evidence that quantum mechanics violates local gealigiporting entanglement

and nonlocal correlations.

3. First Quantum Revolution (c. 19001960s)

After fundamental theory matured, quantum physics quickly led tenaddl inventions influencing

society: the transistor (leading to modern electronics), semiconductor devices, lasers, atomic clocks and
MRI machines. These tecbiogies all rely on quantum principles (band theory, stimulated emission,
nuclear magnetic resonance). This era is known agdirdtequantum revolution, where devices
harnessed quantum behaviour as passive properties.

4. Second Quantum Revolution (c. 1980soday)

In contrast, theecond quantum revolutionis defined by active control of individual quantum states

engineering superposition, entanglement, and coherence at will. As NIST and other institutions
describe, this involves building systems whrg o @ engineering the quantum mechanics itself to

do somet Powgong and Mi QuantumnTéchnol@®: 0tk Secend Quamium
Revolutionlaid out how technologies like quantum computers, sensors, coherent electronics, and
quantum optics follow frooc ont r ol | ed quantum s ySecorsl @antumLar s
Revolution(2018) further describes societal, philosophical, and technological dimensions of this
transformation
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5. Quantum Entanglement

Quantum entanglement, highlighted in the EPR paradoxt@iirBodolskyRosen, 1935) and named

by Schrédinger, raised fundamental questions about locality and determinism. Bell's inequality (1964)
provided a way to experimentally test between local hid@erable theories and quantum mechanics.
Aspect 6sntesxpenritrhee early 1980s confirmed violatioc
nortlocality. Entanglement now underpins advanced applications such as quantum teleportation,
guantum key distribution (QKD), and distributed quantum networks

Quantum _Entanglement

I'he photon’s
polarization will be
the same for the
whole surface of the

light sphere

The photon
polanzation or spin
will be set for cach

expanding wave
fromt

In Quantum Atom Theory light has spherical symmetry and geometry that can
explain quantum entanglement. The different wavelength (colours) will
only be relative to each other and the source of the light

6. Quantum Sensing & Metrology

Quantum sensing harnesses coherence, entanglement, and squeezing to surpass classical sensitivity
i mits. Degen, Rei nhar dRedew&d [querr Ahysiesmbagizeddré 7 r e v i
platforms: SQUID magnetometers, atomapor sensors, spin qubits (NV centers, trapped ions, flux

qubits) and atomic clocks.Diamond MN¥éntre sensors measure magnetic fields, temperature, and
pressure at nanoscale with exceptional spatial resofutwen in biological contexts. Recent work

(e.g quantum plasmonic sensors) pushes sensitivities beyonehabet limits in chemical and

biological detection. NASA has even deployed quantum sensors imdspaltkatom interferometers

aboard the International Space Station to measure minute vibratigsavitational effects.
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7. Qubits and Quantum Computing

A qubit is the quantum Analog of a classicabbttapable of superposition §{@nd |fisimultaneously)

and entanglement with other qubits. Physical realizations include superconducting ciraotsd tr
ions, semiconductor quantum dots, and photonic quitsantum Computation and Quantum
Informationby Nielsen and Chuang (2000, 2nd ed. 2010) is widely regarded as the definitive text on
the theory of quantum computation, algorithms, and error d¢@nec

I n 20109, Googl eds Sycamor e pr o c edspsrioorming dae mo n s t |
computational task beyond reach of classical computers. Researchers including David Deutsch laid the
theoretical groundwork decades earlier; Deutsch formalized theptosfcg quantum Turing machine

and embraced the mamyorlds interpretation as part of his view of quantum computing.

8. Quantum Energy Teleportation (QET)

Quantum Energy Teleportation is a theoretical concept that allows the transfer of energy using quantum
entanglement without the physical movement of energy carriers. Proposed by Masahiro Hotta in 2008,

QET exploits local quantum measurements and correlated entangled states in a quantum field to
ifitel eporto energy bet ween nhengy tradsmissiom which pwlves t s . U
particles or waves, QET depends on-giared entanglement and a sequence of measurements and
unitary operations. Though not yet realized experimentally, it has profound implications facabn

energy distribution antbundational quantum physics. It may someday play a role in future quantum
networks and lowpower devices.
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9. Quantum Resistance Standards

Quantum mechanics has revolutionized the precision of electrical measurements thrQuginthen
Hall effect, discorered by Klaus von Kilitzing in 1980. This effect forms the basis ofgtr@ntum
resistance standargwhere resistance is quantized intsiof Rq. It is approximately 25,812.807 ohms
These standards provide extremely stable, reproducible referencesusatibmal metrology labs
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fixed, making quantum resistance fundamental to the modern definition of the ohm. Graphene and GaAs
heterostructures are now routinesed to create devices for resistance calibration.

10. Quantum Infrared Detectors

Quantum effects also enhance the sensitivitgfodired (IR) detectors, especially in lowlight or space
applicationsQuantum well infrared photodetectors (QWIPs)andquantum dot IR photodetectors

(QDIPs) operate using intersubband transitions in nanostructured semiconductors. These devices
exploit quantum confinement to tune the detection wavelength and improve efficiency. They are widely
used in military, astronomy, and theal imaging technologies. QDIPs offer advantages such as normal
incidence response and potentially lower dark current than QWIPs. As research progresses, these
detectors are expected to improve sigoahoise ratios, operate at higher temperatures, raedriate

with quantum communication platforms.
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11. Quantum Scientists and Their Contributions

1 Max Planck, Albert Einstein: Introduced and extended energy quantization and photon

concept.

1 Niels Bohr, Werner Heisenberg, Erwin Schrédinger, Paul DiracDevelopedatom models,
uncertainty principle, wave mechanics, and f
von Neumanné6és Mat hemati cal Foundations remai I

1 John Bell, Alain Aspect, Clauser & Zeilinger. Established and experimentallynémmed
entanglement and nonlocality. Zeilinger received the Nobel Prize in 2022 for fundamental
contributions to quantum information.

1 C.L.Degen, F. Reinhard, P. CappellaroLead figures in guantum sensing research.

9 Jonathan Dowling, Gerard Milburn, Lars Jaeger Authors and theorists of the second
guantum revolution.

1 Michael Nielsen & Isaac ChuangModern architects of quantum information theory.

12. Emergence of Quantum Technologies for the Good of Mankind
Quantum technologies have begun deliveringetatbenefits:

1  Quantum cryptography (QKD): Allows provably secure communication resistant to future
quantumcomputer attacks.

1 Quantum sensing High-precision tools for biomedical diagnostics, environmental
monitoring, navigation, and archaeology. f0énte biosensors can detect single cells, neural
activity, or tumor biomarkers. Quantum atomic clocks enhance global timekeeping and GPS
accuracy.

1 Spacebased quantum researchCold-atom interferometers and photon detectors on the ISS
and satellites contribetto Earth science, gravitational tests, and future navigation systems

13. Future Possibilities

Looking ahead, quantum technologies hold transformative promise:
9 Scalable qubit platforms Topological qubits, hybrid quantum architectures, ecmrected
universal quantum computers.

1 Quantum internet: Networks using entanglement for secure global communication and
distributed sensing.

1 Quantum-enhanced Al & simulation: Leveraging quantum advantage to accelerate materials
discovery, climate modelling, optimizah, and generative Al (Time article highlights the
emerging synergy between quantum computing andidjen

9 Fundamental physics tests Longbaseline entanglement distribution, quantum gravity
experiments in space, probiagacetime at quantum limits.

1 Quantum radar and LIiDAR : Exploiting entanglement and quantum illumination to achieve
unprecedented range and detection sensitivity for remote sensing and defense applications.
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Conclusion

Over a century, quantum mechanics progressed from abstract ideasad@y quanta to a world
where we can manipulate single particles and entire quantum stateg s hevolution brought us
technologies like lasers, semiconductors, and MRI. The onga&ognd revolutionempowers us to
engineer quantum coherence andamglement as toddsleading to quantum computers, Sensors,
cryptographic systems, and global quantum networks. Pioneers such as Planck, Einstein, Dirac, Bell,
Aspect, Nielsen, and Chuang paved the way, while new platforms likeeNWes and spadmsed

atom interferometers are delivering rewbrld benefits.

The future holds unprecedented promise: scaling quantum computing, enabling a quantum internet,
advancing Al, probing the deepest laws of physics, and pioneering quanhanced sensing across
medicire, environment, and beyond. The story of quantum mechanics is far fronibigewriting the

next chapter in human technological and scientific evolution.
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Quantum mechanics: real black magic calculus
0 Albert Einstein, writing to a colleague in 1925

Have you ever thought about whether the things that appear solid and definite to us are actually as they
appear?

The world we live in on a dato-day basis appears easy at first glahceith trees everywhere, houses,
humans, and the vast sky above. But if we go dedpts the world of atomseverything is different.

This is a domain where no law can withstand, a domain where particlesrsesi@oked like particles
and sometimes like waves, the same patrticle exists in two places at once. Here, Certainty turns into
probability and laws turns into mystery.

This is not a fairy tale; it is science.
It is the world of quantum mechanics, astbimg, enigmatic, and surpassing human imagination.
If guantum mechanics hasn't profoundly shocked you, you haven't understood Nigét.Bohr

In this essay, | will outline some of the strange wonders that have been emerging from this new world
of quanium physics, and how it challenged us to think about the world we perceive in terms of energy,
scientific measurement, and the character of the surrounding objects.

When Physics Broke Its Own Rules and a New Universe s Born

Imagine a deterministic watlwhich accurately predicted the motion of planets, the fall of apples, and
even the mechanics of machines. It was the world of classical mechanics. For over two centuries, it
ruled science. WittN e wt o n ¢ we coulal Vasnch rockets, build machines, pretict eclipses to

the second.

But when we looked deeper, we found a strange world. Where these rules failed.

The First Crack: The Strange Glow of Heated Objects

The fascination began in 1879, when Thomas Edison lit up the world with the successfibmeent
the electric light bulb. But as history would havestch light creates new shadowg\s electric bulbs
gained more light and illumination covered the globe, scientists grew curious: What exactly is light?

Why do hot objects glow the way they dohy\do filament in a light bulb glow warm yellow? Why
does metal first glow red, then orange, then white as it heats? What rules govern this change?

The faults in classical physics appeared in the studjazkbody radiation. According to classical
theory,as an object gets hotter, it should emdre and more energy at higher frequenciesAt very
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short wavelength or very high frequencies like ultraviolet it should releasefinite amount of

energy. This contradiction became known as thiraviolet catastrophe because it threatened to

destroy the foundation of physics. Max Planck resolved this paradox on 14 December 1900.

The Dawn of Something Strange
I The Birth of Quantum World

On Dec. 14, 1900, in a meeting
the German Physical Society, Mi
Planckread his paper,On the
Theory  of  the Energy
Distribution Law of the Normal
Spectrum." He suggested that tF
energy is not continuous, bi
comes in tiny packets, guanta
That single thought planted tt
first seed of quantum mechanic
The day Dec 14, 190 is
considered to be the birth date
Quantum Mechanics.

Light That

9. Ueber das Gesetz
der Energieverteilung im Normalspectrum;
von Max Planck.
(In anderer Form mitgeteilt in der Deutschen Physikalischen Gesellschaft,

Sitzung vom 19. October und vom 14, December 1900, Verhandlungen
2. p. 202 und p. 237. 1900.)

Einleitung.

Die neueren Spectralmessungen von O. Lummer und
E. Pringsheim!) und noch auffilliger diejenigen von
H. Rubens und F. Kurlbaum?, welche zugleich ein frither
von H. Beckmann?) erbaltenes Resultat bestitigten, haben
gezeigt, dass das zuerst von W. Wien aus molecularkinetischen
Betrachtungen und spiiter von mir aus der Theorie der elektro-
magnetischen Strahlung abgeleitete Gesetz der Energieverteilung
im Normalspectrum keine allgemeine Giiltigkeit besitat.

Di d nidgPhoto@drteicyEffecth e

Rul es

Another major challenge came from thbotoelectric
effect. Classical wave theory of light predicted tt

increasing the intensity of ght,
frequency, should cause electrons to be ejected frc
metal surface. However, if blue light falls on a me
sometimes electrons ejected from the metal surface t
red light is used no electrons are ejected.

Why does light somahes knock electrons off a met
somet i
time light was considered as a wave. Albert Eins
noticed this in 1905 and he suggested ligat is not just

a continuous wave as classical physics claimed,tbu
can be considered amall packets of energywhich he

sur face and

regardless of it

mes |t

2}} y
SN

calledphotons The energy of each photon is proportiol
to itsfrequency. Hence light exhibits both walies

and particldike properties.

The Mystery of Atoms

Another issue with the classl world. According to classical mechanics, electrons moving around the
nucleus should constantly emit energy and spiral inward. In this model, atoms should collapse in a split

second. Everything is made up of atoms. That would mean everything $fsaigdtroyed in a split

second. But how is it possibléRels Bohr in 1913addressed this by proposing that electrons can only

exi st i n

speci al

or bits. I n those
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only when electrons jumpbetween these orbitsin this way atoms become stable. This was another
step towards quantum world. It was a glimpse of a new kind of physics.

When Particles Became Waves

A question is still arising in your mind that if light can exhibit both wave like @article like nature
since particle nature is proved by the photoelectric effect but how can we prove that particle is also a
wave? The solution to this question is Double Slit Experiment.

Imagine firing single electrons one at a time through a bariietvih  t wo sl i ts. Youodod e
on the screen behind, right? That 6s interferencp ar t i c |
pattern, like waves overlapping. This proved the wave nature of particles.

Transition from Certainty to Uncertainty

Classical mechanics believed in certainty. The final blow came from Werner Heisenberg. He proved
that you could never know both the position and speed of a particle at the same time. This is known as
Heisenberg uncertainty Principle. Mathematically, it repnés as

ptpp O h/ 4~

This meant the more precisely you knew a particl
momentum (®p), and vice versa. This was not due
of the universe.

The future, it turned outyas not predictable it was probabilistic.

As | described earlier that particles also have wave nature and it was also proveBrbygleethat
particles have wavelength than a troubling question is if particles behave like wave, what kind of wave
are thg?

In 1925 Erwin Schrodinger considered this question. He did not see electrons as points but electrons as
waves of probability and then he developed a equation which was another revolution in the world of
guantum mechanics. That equation was termed asd@oger wave equation.

e
Ih(")!.
It is an equation that described how Wave functionq of a quantum system evol
where a particlés, but where itmight be Not a fixed path, but a cloud of possibilities, humming with
potential.
Here, e reduthd Planckébés constant, and H”™ is the
energy of the system.

W) = H|¥)

The Schrddinger Equation allowed physicists to predidbé&inaviorof atoms, electrons, and subatomic

particles with incredible precision but gnin probabilities, not certainties. Schrodinger equation
governs the quantum world same as Newtonb6s equa
classical world.

The wave function described by Schrodmesmar 6s eq
system.
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For example, in a hydrogen atom an electron can be located anywhere from the nucleus's centre to a
distant point away from it. The locations where the electron could be and whemeogtitikelyto be

at a particular time are not the sanThe probable position is calculated by multiplying the wave
function itself.

Wave function does not tell about the exact position of electron in atom. For example, a probability of

0.6 means there's a 60% chance the electron is within that area.ayhikhe Schrdodinger equation
revealed a world whemutcomes exist in superposition

It unlocked the language of quantum world.

All the developments | mentioned earlier are termed as First Quantum Revolution. During this first

revolution, physicistsver endét trying to build technology. The
the microscopic world behaved so strangely. Why could an electron be in two places at once? Why

coul dndét we precisely know both it selkkwavestandon and
waves | ike particles? Now itds time to use the

begins with the second revolution.

The Second Quantum Revolution Focuses on manipulating and controlling individual quantum systems
to buildnew technologies.

Do you know,Transistors, the heart of every modern computer, would not exist without understanding
how electrons move through materialsasers, used in everything from barcodganners to eye
surgery, depend on quantum transitionsle¢teons. EveMRI machines that let doctors see inside the
human body rely on quantum spin.

Quantum Weirdness: A UniversebeyondIntuition

Quantum mechanics is often described as weird because it contradicts everyday experience. Now | will
describe theseeird concepts of quantum mechanics:
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Superposition Suppose you have applied for a university and are eagerly waiting for your

resul t. The email h a syowate bathr accepied dnd rejectedtthé n your
same timeYou start daydreamingbaut your life on campus, then suddenly worry about what
you will do if you donét get in. These two ouf

the result. Only then does your future become definite: you see the @ongratulations!"or
"Regretully..." and your state collapses into one reality.

This is similar to what happens in the quantum world. Before we observe a quantum particle, like

an electron, it doesno6t haveagupegdsitioo-rablendef i ned
of all possible stateslt can be here and there, spin up and spin down, at the same time. Just like

your future held two possibilities until you checked the result, the particle holds many possibilities

until it is observed. When it is observed it holds omie state. It is extremely useful in atomic

clocks, quantum computers, quantum cryptography and quantum sensors etc. | will explain this

in further sections.

Mysterious Cat- Sc hr o d i n gsearfaineus Baught experiment in quantum physics. It
describs a cat placed inside a sealed box along with a radioactive atom, a vial of poison, and a
trigger mechanism. If the atom decays (with a 50% chance), it activates the trigger and releases
the poison, killing the caue. I f it doesnét de

According to quantum theory, until the box is opened and someone observes the system, the atom
exists in a superposition both decayed and not decayed. This means the cat is also both alive and
dead at the same time. Only when we open the box doesipieeposition collapse into one

definite outcome: the cat is either alive or dead. This raises profound questions: What was the
actual state of the cat before we looked? Was it truly both alive and dead? Did our observation
force it into one state? Asobrw, quantum theory doesnodot offer
answer to these questions.

Entanglement- In the 1930s, when scientists like Albert Einstein and Erwin Schrodinger first
encountered the phenomenon of entanglement, they found it deepnguZhis strange
behaviorsuggested thatvo particles could stay linked and influence each other instantly, even
when separated by vast distances, without any physical connection

If we imagine the two particles as people, it would be like one peassing their right hand and

the other instantly raising their left hand, and vice \&rdaspite the fact that neither can see or
communicate with the other. Einstein, Boris Podolsky, and Nathan Rosen (EPR) contended that
"hidden variables" should be inded into quantum mechanics to explain entanglement and to
restore "locality" and "causality" to the particle behaviour in order to explain the strange
implications of entanglement. This argument further laid to the EPR Paradox. Entanglement was
experimentlly proved for the first time by John Clauser. It is very useful in quantum key
distribution where entangled pair of photons are used to exchange cryptographic keys securely as
in banks for financial transactions or tepcret messages of military.

Quantum Teleportation - The ability to transport a particle's precise quantum state such as that
of an electron or a photon from one location to another without actually moving the particle is
known as quantum teleportation. It is based on entanglement.

In 2017 Chinese researchers in the Tibetan mountains have employed "spooky" quantum
mechanics, which allows particles to quickly transmit information even when they are separated
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by more than 1,200 kilometre to beam "entangled" particles of light between #esatell the
ground for the first time. (Source: Pursuit)

A onceimpossible engineering achievement was accomplished in 2024 when a quantum state of
light was successfully teleported via over 30 kilometre (about 18 miles) of fibre optic cable while
internd traffic was raging. This proved quantum teleportation really (Source: Science alert).

Quantum Tunneling i It is a phenomenon in quantum mechanics that makes it conceivable for
a particle to cross a potential energy barrier even if its energy is leghthlaeight of the barrier,
something that is not possible in classical physics.

Imagine a tiny ball rolling toward a small slope to get a sense of this. The ball will just roll back
down the hill if it lacks sufficient energy to climb it. That's howssiaal mechanics operates.
However, particles are more than just solid points in quantum physics. And they are waves,
probability waves. Additionally, a portion of that wave may go past the hill and even into the "not
supposed" area. This implies that thex a slim possibility that the particle will be discovered on

the opposite side of the hill without ever having to ascend it. The ball seemed to have tunnelled
directly through the barrier.

Do you know, without quantum tunnelling, the Sun would notesbecause protons in the sun's
core fuse together due to tunnelling otherwise like charges repel, and classically, they should
never get close enough. In modern devicestlik@el diodesandquantum chips, tunnelling is

used for highkspeed performance. Riales should be able to travel faster than light when they
quantum mechanically "tunnel" through walls, according to recent research.

Scientific Contributions: From Foundations to Future

Scientists at the 1927 Solvay Congress. The middle of the sewotides up Hendrik Kramers, Paul Dirac, Artht
Compton, and Louis de Broglie. Behind Compton stands Erwin Schrédinger, with Wolfgang Pauli and
Heisenberg next to each other behind Max Born. (From Cinquantenaire du Premier Conseil de Physmye
1917 1961)
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A centurylong journey full of daring questions, surprising discoveries, and grbreaking insights

led to the development of quantum mechanics. Max Planck first proposed the concept of quanta in 1900
in an attempt to address the blacttpoadiation issue. Allve Einstein expanded on this bgscribing

the photoelectric effect. Despite contributing heavily to quantum theory, Einstein remained
uncomfortable with its uGdesnotplydigad!l ir teybelefidit s fha n
that the theory was incomplete.

Niels Bohr gave us the first quantum model of the atom. Soon after, Werner Heisenberg developed
matrix mechanics and formulatdte Uncertainty Principle. In 1924, dd3roglie gavethe formula for
wavelength of eletron. After it, Erwin Schrodinger described particles as waves of probability, leading

to the famous Schrédinger equation. Bohr later played a key role in the formation of the Copenhagen
I nterpretation the i dea t h a tpertipuuatihrheasoreds Acsotdiagms

to this view, reality at the quantum level is not deterministic, but probabilistic.

Wolfgang Pauli explained the structure of atoms with his Exclusion Principle. Paul Dirac merged
guantum mechanics with special relativipyedicting antimatter a particle identical to the electron but

with opposite charge. His Dirac equation changed how we understood the universe at high speeds and
energies. Later, Richard Feynman introduced quantum electrodynamics (QED), and John Bell

revo |

utionized the foundations of physics with

connected in ways that defy classical logic. After Bell, quantum mechanics entered an era of
experimental proof and technological ambition. In the 1980ajnAAspect confirmed quantum

ent angl ement through precise experiments tha
Zeilinger, who demonstrated quantum teleportation and advanced the field of quantum communication.

In parallel, theoretical breakthighs by David Deutsch and Peter Shor laid the foundation for quantum

computing, where information is stored in qubit

showed that quantum computers could one day break current encryption systekimgy aggobal race
to build reliable quantum processors.

Today, companies like Google, Microsoft and IBM are developing statye quantum machines,
while physicists explore quantum networks, error correction, and quantum cryptography.

Applications and Technologies of Quantum Mechanics

Quantum Computing: The idea of using quantum mechanics in computing stems in part from

a talk and a paper by Richard Feynman in
computers for almost everything from sendingnassage to navigating across cities, from
online banking to running space missions. These classical computers run on a system of binary
code, where every bit of information is processed or stored 0 and 1. While in quantum
computers, Qubits are used in @aaf bits. Qubits are the basic unit of quantum information

as classical bits. Unlike classical bits that are strictly 0 or 1, a qubit can exist in a state called
superposition meaning it can belQor both at the same time gliantum computer can exeeut

20 computations where N is thmimber of qubits. For example gaantum computer of 100
qubits can do®°calculations in single step. That is the reason why quantum computers are so
powerful than classical computets.quantum computers pairs of gtgare entangled with

each other, due to it, qubits separated by large distances interact with each other.
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You wi l |l get an idea of extraordinary speed
Willow quantum chip, once cgpleted a complex computation in under five minutes a task that
would take one of todayds most power f ul sup.
septillion years, to finish. Which means 10,000,000,000,000,000,000,000,000 years. Recently,
ateamofresar chers solved a variation of Simonés
and | BMO6s pqabi erocéssdrs. Ap&t7drom it, IBM has already made Condor
processor which is 1121 superconducting qubit processor.

Quantum Cryptography: Cryptograply is a process of securing data, protecting information

and communication. Quantum cryptography relies on the principles of quantum physics to
securely transmit private information. The most prominent technique in this field, known as
Quantum Key Distribubn (QKD), involves sending a stream of photons to deliver a secret,
randomly generated key. Both the sender and receiver measure the photons and compare their
results; any discrepancy indicates the presence of an intruder.
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Quantum cryptography ensurdsit any attempt to observe the key will alter the photons being
measured. This security is due to the uncertainty principle of quantum mechanics, which states

that measuring one property of a quantum system inevitably disturbs other properties. This is
essenti al in future because quantum computer.
Cryptography is must have to protect confidential information.

M. Quantum Sensingi It is the use of individual atoms, ions, photons, or quantum systems (like
qubits) to deect and measure physical quantities such as acceleration, frequency, rate of
rotation, magnetic fields and electric fields, or temperature with the highest accuracy. Quantum
Sensors take advantage of quantum effects such as entanglement, superpodifitzmzmal
interference. One of the most wkhown uses of quantum sensors is in atomic clocks. These
clocks donét tick |like ordinary ones instead
Also in healthcare, quantum sensors are extremely usefténBg engineers at the University
of Pennsylvania, have used quantum sensors to realize variation in nuclear quadrupolar
resonance spectroscopy by this we became able to isolate individual nuclei and reveal very
small differences. It wilbeextremely usful in fields like drug development.

Concluding Remarksi Gateway to Future

Quantum mechanics represents a monumental shift in how we understand the universe. It teaches us
that reality is not deterministic and fixed but probabilistic and fluid. Fronbittle of quantum theory

in Planckés blackbody solution to the mysteries
has transformed both science and philosophy.

I think I can safely say that nobody toayoudself; st ands
if you can possibly avoid it, ABut how can it be
a blind alley from which nobody has yet escaped. Nobody knows how it can be like that

i Richard Feynman

Quantum mechanics provides answers to many intriguing questions about the physical world around
us. As, why are some materials hard while others are soft?céfhw diamond scratch almost any
surface, yet pencil lead glides smoothly and leaves a mark? Why do metals conduct heat and electricity
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efficiently, while glass does not? Why is glass transparent, but metals reflective? What makes one
substance heavy anaather light, or one material strong and another brittle? Why are some metals
magnetic while others are not? In essence, guantum mechanics helps us understand the fundamental
reasons behind the properties aethaviorsof material® shaping our understandjof why the world

appears and functions the way it does.

Quantum technologies help in many ways in future as Airbus and SandboxAQ recently tested a
quantumbased navigation system called MagNav that u
| t O preciseadt can guide airplanes without needing satdliesnd candédt be jammed or
technology could one day ensure safer flights, autonomous cars, and submarines, even in remote or
hostile environments. Quantum sensors are also revolutionigiaighbare industry, for example, in

Australia, scientists from CSIRO have developed a quantum sensor that can directly measure iron levels

in blood something thatés been hard to do accu
deficiency anaemia mhdaster and more reliably. Considering over 2 billion people worldwide suffer

from ironrelated issues, this breakthrough is a step toward more accessible and early healthcare
solutions, especially in underserved areas. While in the UK, gravimetersdrasedled atom clouds

are allowing scientists to detect hidden underground structures, from buried water pipes to
archaeological treasures, without a single shovel of dirt.

We are entering a new era where the quantum world is no longer just a theolaygadynd i t 6 s a
tool set for humanityés greatest challenges.

IBM, one of the global pioneers in quantum technology, is playing a central role in this transformation.
In 2023, IBM unveiled the IBM Quantum System Two, their most powerful quantum computing
platform to date. Their ambitious roadmap includes scaling up to 100,000 qubits by 2033, developing
fault-tolerant quantum computers, and creating cloased access to quantum systems for global
research.

But the most profound impact of quantum mechanicgmoalie in what we build but in how it changes
our understanding of reality itself. It challenges the boundaries between what we know and what can
be known.

As we continue to harness its power from sensing the invisible to computing the impossiblenquantu
mechanics reminds us that the universe is far more mysterious, interconnected, andtietiti phan
we ever imagined.

We are no longer just observing the quantum world. We are living in it. And in this unfolding chapter
of science, the journey iggt beginning.

The first century of quantum mechanics has led to groundbreaking technologies and helped solve
countless mysteries. Yet, at the same time, it has also opened the door to new and deeper questions in
physics.
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Abstract

Quantum Mechanics, born out otasis in classical physics, has revolutionized our understanding of

nature at its most fundamental levél,r om Pl anckés hypothesis of qu
breakthroughs in quantum computing and teleportation, the cdongyourney of quantum tloey

has been both intellectually transformative ¢
technologically empowerin@.his essay traces the origir
experimental underpinnings, and dual revolutions
quantum mechanics, highlights pivotal contributions
key scientists, explores the emergenof quantum
technologies, and envisions their potential to shape
future of humanity. By interweaving historica
developments, theoretical insights, and futuri
applications, the essay aims to celebrate the profc From Quanta to Qubits A Century of
elegance and impact of quantunesce. R eSS e

l. Introduction: The Quantum Disruption

At the turn of the 20th century, physics stood proudly on Newtonian pillars. Yet cracks were

appearing
The ultraviolet
catastrophe th Ultraviost ccatasampce

photoelectric effect
and atomic spectre
lines stubbornly
defied clasical
explanations.  The
stage was set for
revolutiond not one

Photoelectric Effect
_ Ds

of tweaking
equations, but o
altering our = =
conception of reality Al u. 2 .

O o
itself. I+

14
T T e e

With Max Planckbds audacious idea of energy qu

photoelectric effecthe quantum era was born. Over the next 100 years, quantum mechanics would
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not only redefine our understanding of matter and energy but also launch technological revolutions

that continue to accelerate.

Il Early Developments: Laying the Foundation

The earliesbreakthroughs came from the realization that energy is not continuous but quantized.
Pl an c k ébedy tadiadon kaw (1900) suggested that electromagnetic energy is emitted in
discrete packetd quanta This was not just a mathematical trick; it wasadical ontological

proposal.

Einstein's 1905 explanation of tt
photoelectric effect confirmed the partidilee
behavior of light, introducing the concept
photons. In 1913, Niels Bohr proposed
guantum model of the atom, explainil
hydrogen spectrathrough discrete energ
levels

Yet the true mathematical formalism beg
taking shape in the 1920s:

1T Werner Hei senber gt
(1925)focused on observable guantities

T Erwin Schro°dinger6
(1926)gave us the iconic Schrodinger
equation.

1 Paul Dirac unified quantum theory with special relativity, predicting antimatter

The quantum formalism was sealed Byor n 6 s

found unsettling.

3. Experimental Evidence: Quantum Theory Tested

probability interpreta
uncertainty principle . With this, determinism gave way to probabifityadeparture that even Einstein

While quantum theory was abstract and couinteitive, it yielded experimentally verifiable

predictions

1 DavissorGermer experiment (1927)
confirmed  waveparticle duality  of
electrons.

Particle

1 Stern-Gerlach experiment demonstratec source
guantum spin and superpaosition. A

1 Double-slit experiment with electrons

and photons continues to challenge ot %

classical intuitions.
Morerecently Bel | 6 s T)maeddts
experimatal tests in the 1980s (Aspect et ¢
confirmed guantum e
action at a distance", violating local realism.
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4,

The First Quantum Revolution : Physics to Technology

The first half of the 20th century withessed friest Quantum Revolution 8 applying quantum
principles to explain natural phenomena and develop technology. Some mil@sttundss:

T

Quantum theory transitioned from abstract equation
practical device$® radios, TVs, computers, and GPS
owe their existence to quantum mechanics.

Semiconductors and Transistor® foundation of
modern electronics

FIRST

QUANTUM
REVOLUTION

Lasersd based on stimulated emission

Nuclear Magnetic Resonance (MR) & the
precursor to MRI

Superconductivity and Quantum Statisticsd
BoseEinstein condensates (1995) validated fong
predicted quantum phases

The Second Quantum Revolution : From Observation to Control

The Second Quantum Revolution ongoing since the late 20th century, is about manipulating
individual quantum systems. We have moved from observiagtgm phenomena &ngineering
them:

Qubits and Quantum Computers Exploiting
superposition and entanglement for exponenti
computational advantage

Quantum Cryptography: Ensuring unbreakabls
communication using quantum key distribution

(QKD).

Quantum Teleportation: Transfer of quantum
states without physical transmission

Quantum Sensors:Ultra-precise measurement:
in timekeeping, navigation, and gravimetry.

Laboratories today routinely trap and manipulsitggle atoms, ions, and photonsThe level of
precision is unprecedented.

6.

Quantum Scientists: Pillars of the Discipline

Many brilliant minds shaped the quantum era:

Max Planck i Thefatherof quantuntheory
Albert EinsteinT Photonconceptguantumstatistics

NielsBohr i Quantumatom,Copenhagemterpretation

= =A =4 =

Heisenberg,Schrodinger, Dirac, Born T Formalismandfoundations

94



Richard Feynmani Pathintegrals,quantumelectrodynamic$QED)

John Bell i Challengedhiddenvariabletheories

= = =1

Peter Shor, David Deutschi Algorithmsandformalism for quantumcomputing

1 Alain Aspect,Anton Zeilinger i Experimentsn entanglemeréndteleportation

7. Recent Developments in Quantum Technology
As we celebrate 100 years of quantum mechanics, here are someetggngchievements

1 Quantum Supremacy(Google, 2019)
Demonstrated a quantum processor
outperforming classical ones

9 Energy Teleportation: Theoretical
possibility of energy transfer through
entanglement

1 Quantum Machine Learning: Using
quantum computers for pattern recognition
and Al.

1 Quantum ResistanceStandards Based on
the quantum Hall effect and Josephson
junctions

9 Superconducting Qubits and Photonic
Chips: Towards scalable quantum compute

Countries like the USA, China, and India (elgndi ads Nat i oissoh 2023 ara
investing heavily in quantum R&D.

8. Quantum Technologies for the Good of Mankind

Quantum technologies promise to:

1 Revolutionize computing solving
) : . QUANTUM TECHNOLOGIES
problems like protein folding, FOR THE GOOD OF MANKIND
material design, and cryptanalysi

9 Secure global commauications
through quantum networks

1 Enhance healthcareusing
quantum imaging and diagnostict

9 Tackle climate modeling and
finance via superior simulations.

9 Enable deeper space exploration
through quantum sensors and
clocks.

But with power canes responsibility. Ethical use and global equity in quantum access will be ¢
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9. Future Possibilities: What Lies Ahead?
The next century of quantum science may see:

1 Fault-tolerant universal quantum
com pute IS. ";‘a::';ltg;erant uni;resrsal

1 Quantum internet. Macroscopic

quantum devices

I Macroscopicquantum devices.

1 Quantum biology and consciousness
research.

1 Unified theories merging gravity
i Quartum biology and Unified theories merging gravity

and gquantum mechanics (e.g., Loop consciidomess research i g ey
Quantum Gravity, String Theory). Loop Quantum, String Theory)

As UNESCO hasdeclared 2025 the International Year of Quantum Science and Technolpg
we are reminded not | u$tbutttooshapeeits futinre with euriasit
collaboration, and care.

10. Conclusion: More than a Theory, a Philosophy
Quantum mechanics is more than physics t agpkilosophy of reality.

It taught us hmility in the face of uncertainty and possibilityt connected imagination with
experimentation, mystery with mathematics. As we continue expldrenguantum frontier, we carry
forward the torch of inquiry lit by Planck and passed through generations.

The quantum journey has only begun.
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Abstract

What if the universe operates on a logic bey:
human classical thinking? The realm

guantum uncertainty existbeyond humar
reasoning and beyond certainty, it create
probabilistic noAocality that brings into
guestion our most fundamental beliefs ab
relative reality. This essay examines i
meaning between two bizarre ideas of quan
superposition; wheresingle particle can exis
in more than one state at the same time;
guantum nodocality and entanglement;

realm where instantaneous informati
transfer between particles happen over \
distances exceeding the speed of light.

Through the examin@in of a few centra
experiments, notably the  douldét
experiment and the theoretical discover
surrounding Bell's Theorem, the writir
examines how the two quantum phenom
ask us to reonsider the principles of loc:
realism and the limits of trafer of any
information. The essay purports that in orde
face this inherent strangeness, we must ad(
different philosophy of reality; we exist in
web of interconnectedness, at the very pu
level of reality. Engaging with the processes
quanum phenomena asks us to go bey«
understanding the minutia of the small,
challenges our notions of existence and

i\'\f\f\ |

[

AThe universe is not only
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Since quanta danced beyond our sight.

7/\_ A hundred years have passed in flight,

" Where once was law, now whispers hum

A world unsure of what's to come.

A particle; a wave, gr both in play? (

It shifts depending how we weigh. /
Superposed, 1t sleeps and wakes, Yoy
Till eyes decide the path it takes.

-

)

\ 'angl&l pairs in cosmic threads,
Communicate where logic dreads.

Though distance keeps their forms apart,

They pulse as one—one soul, one heart.

Heisenberg's blur, % softly said:

"You cannot know both speed and tread."

In every fact, a ghost remains,

And certainty dissolves like rain,

Beyond the charts, beyond the schemes,

Lies something deeper than our dreams.

A truth that reason can't define,

Yet dances at the edge of time.

So here we stand, a centuryon,

Still chasing where the light has gone.

In every atom’s silent spip,

1_@ @@ We find the universe within. Al Saie

stranger

W >

we 1 magi ne,
.S. Haldane



fundamendlly what we perceive to exist, with ramifications stretching from conscioushgdiesto

what it means to be or more accurately, to have b&uogntum mechanics, 100 years old, has changed

the way we think about reality. The quantum realm is a stranggit is a world where particles can

exist in multiple states at the same time, and particles can remain connected to each other across large
distances. This essay will explain the most salient ideas, mysteries, and experiments within quantum
mechanicshat violate our ideas of space, time, and existence.

Al f you think you understand quantum mechanics,
& Richard Feynman
Introduction

Think of a world shaped by certainty, a world where the dropping of an apple or the orbit of a planet
were just pieces on a difficdib-perceive clock, something certainly predictable. This was the beautiful,

but still only halffinished, masterpiece of classical phgsithen came the end of thé"t@®ntury, and

with it the first inklings of a new way of seeing the universe. Finally, in 1900, Max Planck whispered,
the possessed wor d udhgdby obricapathways of future veality. Hel claimadt o
that energy was not a smooth, continuous stream of potential but made of discrete, tiny packets, like
drops of water falling from a heavenly shower. Only later, in the course of the twentieth cgotudy,

we recognize this claim as a powerful unsettling draw to reveal and explore pathways to unknown
territory, as if entitled to be educated and potentially equipped to write the plans for our next phase of
existence, humani t vy Gcs, aslt gafh on whichgartiglasdecame probatdistit a n
entities, ambiguous paradoxes, and unexpected possibilities. Since that totality, the passage from
classical physics to quantum physics has been ahomdredyear continuous revelation and
technologt a | evolution of new possibilities, and a
launching of the International Year of Quantum Science and Technology in 2025.

Long before quantum mechanics showed us an uncertain universe shaped by observatiomciacient |
philosophy had a skingly similar idea. In the B8 century, Adi Shankaracharya presented the
philosophical method of Advaita Vedanta to the Western world with the important insight of Blaya
illusion that obscures the true reality. For Indiaiiqgdophy, Brahman is our one indivisible, infinite
consciousness. It is not that we exist as separate observers (Atman) from the observed, it is that in reality
they are one phenomenon. This idea fits smoothly with quantum theory, where only measuminents a
observations force particles into constrained states of existence, while all other possibilities remain in
superposition within a probability matrix. Thus, scientific observation, as in the principle of uncertainly,
collapses any observations about @ithotential outcomes.
This idea seems to resonate with the anc
teachings found in the Bhagavad Gita (Chay
2, Verse 16): "NUsv.
vidyate satd" - "That which is unreal never it
that which is real never ceases to be." ~
inclusive teachings found in the Manduk
Upadihad, elaborated on at greater lengtr
the Gaudapada Karika, include the elaborai

Bhagwat Geeta, Chapter 2,Verse 16

ALi ght behaves |l ike aehamwmméehe nopaastwavedeBuli nwiMax we |
& Heinrich Hertz, on the photoelectric effect (1887)
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teachings of the illusionatgyers of consciousness and the true nature of existerick ismondual.

Through an awareness of quantum physics combined with these ancient philosophies, we may come to
see a greater meaning: that the real nature of "reality" may not be what we think, and that perhaps the
line scientists have drawn betweerescie and spirituality is not as sturdy or defined as we thought.

Experimental Clues to the Quantum World: Pre 1900 Observations That Shook Classical Physics

By the close of the century, experimental evidence had begun to show were serious flaws in
classical physics, especially at atomic and subatomic levels. One big clue came from blackbody
radiation. It was found experimentally that heated blackbodies emitted light in a spectrum that changed
with temperaturé from red to blue at higher temperatures.ews$ and Rayleiglleans' laws could
explain parts of the spectrum but not the entire curve. The inability to account for the ultraviolet region,
where classical physics predicted infinite energy (called the "ultraviolet catastrophe"), wasta defi
theordical embarrassmeiiihe photoelectric effect reported by Hertz and then studied by Lenard further
deepened the mystery. It was found that light would eject electrons from metal surfaces only if its
frequency were above some threshold value, independiesatimtensity. Classical wave theory simply
could not explain why an increase in intensity of lodweguency light would not release electrons,
contrary to its predictions of the relation between energy and amplitude.

By contrast, atoms show groups of alete spectral lines being emitted, not continuous spectra.
Extending Bal merés work on the hydrogen | ines,
precisely. Classical theory, however, could provide no explanation as to why electrons would neve
spiral into the nucleus and disappear, or for atomic stabilitgtructors instead said electrons rotated
in special orbitdhe quantized orbits.
Vit | Vo | Theexperiments, while varying in approach, arriwdhe

5 unified conclusion thaénegy interchange occurs in aton
in discretechunks. Max Planckame along in 1900 to sta
that energy is emitted or absorbed in quaHia.formula
accounted exactly for the blackbody spectrum
introduced a new constan
Hence, the very birth of quantum theory{his one
revolutionarily departed from a centuriekl classical logic
Fig: Atomic Spectra and ushered in a new scientific era.

Warrelenath A (em)
T

Eaqk - ']
o "T,.:.w’,".;."f"" Alliof the energy from the phioton
absorbed by the ectron is frst used
Ezhfz h':ll’ #o ‘frie’ the electren - gy romainder i
L | comverted into kiretic energy E, of the

Yty pheteeleciren
- 4 (ExhfraeE b, e lpme |
‘ Eoch electren @ on the Metal with work function #
gl el ard reddi na abanrh
& phaies wnfh 8 MR i
endrgy of & Mo Ehiop | Wby

g is the threshold frequecy -
Mo emistion if photie energy « mork functas ”."Fwﬂh“_“

Fig: Photoelectric Effect Fig: Black Body Radiation
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From Certainty to Curiosity: The Birth of Qua ntum Thought

Classical physics was a guiding principle for thousands of years, and it provided a successful
explanatory model for our understanding of the macroscopic world. However, as scientists started to
look closer and as they investigated mattersliring the very small, atoms and subatomic patrticles,

we started to run into some very strange occurrences. Attempts were made to look through the classical
model to explain observations such as blaclly radiation; the emission of light from an objecidza

on the object's temperature; the photoelectric effect, when the emission of electrons occurs when
materials are struck by light, etc. These phenomena were the first indicators that there were cracks
beginning to appear in what had seemed like a pérfexered business.

Max Planck was the first to take the leap of faith and accept the idea that energy is not continuous and
is emitted and absorbed in discrete packets or "quanta," each packet having a specific, prescribed
amount of energy. In 1900, head this idea to help explain the phenomenon of Hback/ radiation,

and softly ushered in the acceptance of quantum theory. By doing so, he definitively broke away from
the classical notion of energy exchange being continuous. Simply put many yearelatewed that

the energy (E) of a quantum is directly proportional to its frequency (f), with Planck's constant (h) being
the proportionality constanin his 1905 paper, Albert Einstein elaborated on Planck's hypothesis to
explain the photoelectric &ftt arguing that light is made up of discrete quantum particles, now called
photons, reclaiming the far less popular corpuscular theory of light and allowing for the possibility of
waveparticle duality. In 1913, Niels Bohr took the ideas of Planck anst&mand developed his own
atomic model, proposing that electrons exist in certain and quantised energy levels or "stationary
orbits," and would go from one stationary orbit to another by absorbing or emitting energy (quanta).
Bohr's model accounted fdnd spectral lines when elements emit light and provided success for the
early development of quantum theory.

Bohr's atomic model offered a significant advancement yet was only the start. As quantum theory

developed, the challenge was whether these baés meuld hold up to experimentation. Physicists of

the early 20th century not only proposed bold ideas, they also invented ingenious experiments to test
these bold ideas. This was followed by an astonishing decade of confirmations, and the experimental
observations pointed to nature in its most fundamental form being governed by quantized behavior,

wavepatrticle behaviors, and inherent uncertainties.

Experimental Discoveries: Validating Quantum Paradoxes

The groundbreaking ideas of Planck, Einstein, and Behich were initially met with skepticism due

to the strange departure from classical thinking, were firmly supportedgthrmany important
experimentsThe FranckHertz experiment in 1914 provided some of the earliest evidence of quantized
energy leved in atoms. James Franck and Gustav Hertz studied inelastic electron collisions in mercury
and demonstrated that electrons only lose energy in specific discrete amounts. Those energy losses
corresponded to Bohr's predicted transitions between quantizésiart provided direct verification

of his atomic model.

inAl I these fifty years of conscious brooding have br
l'ight quanta?bo

o Albert Einstein
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The dual nature of matter became more apparent in 1927 with the Dadssorer experiment. When
electrons were shot at a nickel crystal, they diffracted in such a way as to produce an interference pattern,
which is the knd of behavior you would normally observe only for waves and not for particles.

This unexpected behavior verified Louis de Broglie's earlier speculation that electrons (and all other
particles) behaved like waves and was the first definitive concur@neaveparticle duality as an
inherent element of quantum entities.

The Compton Effect (1923) subsequently supported light's pdlitieleharacter. Scattering of-bays

from electrons shifted their wavelengtlan occurrence not compatible with wavedhy, but entirely
explained if light is composed of particles (photons) that lose momentum and energy to the electron in
the same way billiard balls ekange momentum in a collision.

The mysterious quantum property of spin was manifested in the-Gedath experiment of 1922.

When a beam of silver atoms was passed through a no uniform magnetic field, rather than forming a
continuous spread, it was bisected into two distinct paths. This indicated that atomic angular
momentum, that is spin, is quantizetkaning it could only take specific, discrete values against every
classical intuition.

Among all evidences of quantum peculiarity, one of the most famous was the {3itBleperiment.
Employed in 1801 to demonstrate the wave nature of light, itatesrepeated for electrons and even
big molecules.

These particles did interference when unobsewadng behavior. Measurement would stop that
interferencefrom there on out, particle behavior. In the havoc of these contradictory quantum
behaviors, thre lies the beautiful idea of measurement affecting the system itself: The central idea of
guantum mechanics.

Meanwhile, Heisenberg's Uncertainty Principle (1927) shattered the classical idea of determinism. It
showed that the more precisely one measapesticle's position, the less precisely can it measure; and
vice versa with the momentum. This was not a limitation of technology; it, in fact, was the law of nature.

Erwin Schrodinger came out with his wave equation in 1926 to describe these stramgyengyealities
mathematically. Rather than monitor the particle's exact position, this equation governed the wave
function, a probability approach predicting where one would find a particle.

AAnyone who i s notthedroy kheads bryo tquuiamdeirnrst ood
--Niels Bohr
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This  elegant framework

became the airplane carrying
m the produce-on-the-ground of
Planck’s Quantum Hypothesis contemporary quantum.

Max Planck introduces the idea of Together those c,\lx_‘rinlcnls did
energy quanta to explain not _ilL\‘I gi\c credence to the

blackbody radiation. Energy is
qunitzed a8 m quantum theory, but really
turned it from mere speculation
Planck’s Constant into a science. Every test
2. L £ 3 - 1 ”
.l I.m.gk Inrn.\v.\ll_\lmlro.duux»hlxl revealed that at the verv core.
constant , originally viewed as a . 3
mathematical trick without physical nature 1s gnvcmcd b.\ rules that
meaning. stand completely apart from
the classical world: discrete
energy, inherent uncertainties,
and the union between the
waves and particles.

Einstein and the Photon
Albert Einstein explains the
photoelectric effect by proposing
that light is made of discrete

packets (photons), supporting the 19‘3 z

particle nature of light.

Bohr's Atomic Model The Early (/('l‘(’/()/)l)l(’lll.\
Nie P > anlize 3 - : g
iels Bohr proposes quantized challenging  classical ~ physics
clectron orbits, successfully ST ek
explaining hydrogen’s spectral producing  the cracks in the
lines. classical  facade :  Planck.
Einstein. Bolr.

Stern-Gerlach Experiment
Walther Gerlach and Otto
Stern show that atomic spin is
quantized into discrete states.

1923 In a brief span of thirty years,

R - from 1900 to 1929, scientists
De Broglie's Matter Waves & . .

Compton Effect broke through the veil of the

Louis de Broglie suggests particles § yisible and tangible to reveal a
have wave-like properties (matter >

waves). universe that could not be
Arthur Compton shows light can constrained bv the classical

behave like particles by transferring
momentum to electrons (Compton

mechanical paradigm. The
universe is not a clockwork
machine, full of, rather it
unfolded into an enigmatic
world of probabilities and
paradoxes where particles also
act as waves, certainty becomes
uncertainty, and reality is
contingent upon observation.

Quantum Rules Multiply
Wolfgang Pauli proposes the Exclusion
Principle: no two clectrons in an atom
can share the same quantum state.
Heisenberg, Born, and Jordan develop
matrix mechanics, the first formal
version of quantum mechanics
Uhlenbeck and Goudsmit propose
electron spin as intrinsic angular
momentum,

Schrédinger’s Wave Equation
Erwin Schrodinger introduces
a wave equation for quantum
systems, equivalent to matrix
mechanics but more intuitive,

This strange and beautiful
quantum experience recalls the
essential truths of Indian

Experimental Confirmation &
Interpretation
Davisson and Germer confirm de
Broglie’s theory by observing electron
diffraction.

Max Bomn interprets the wave function phllosoph_\;' ) here, 1\1‘1.\“
probabilistically. masks the ultmate reality;
Heisenberg introduces the Uncertainty ——— ~acht- M
- . Principle. Dirac Predicts Antimatter observer (dl",‘\hld) and
d”)T‘(, (:l:inllﬂ:\“‘lll :::::‘zl“lll:jl::!:;;: Paul Dirac creates a relativistic observed (dl'lsh_\'il) arc
eclares rez 8 2 g Rz PP " p
probabilistic. : quantum theory predicting the indistinguishable, and duality
positron (anfimatter) and and non-duality, illusion and
explaining spin. . S
wisdom, create this world.

Just as Advaita Vedanta
recognizes oneness in
multiplicity, quantum theory
hints at a world that is
A Flow of cqnncclui. indclcrn?inzuc. and
¥yl highly responsive to
consciousness. The universe is
not built. it becomes.

Toward Broader Quantum Realms
Howard Robertson generalizes
uncertainty to all non-commuting
observables.

Felix Bloch develops a quantum

model for electrons in crystals
foundational to solid-state physics.

The Quantum Journey:
R('ru7uli()m1r_\' Ideas (1900-1929 )

AQuantum theory provides us with a striking illustra
though we can only speak of it in images and parabl es
& Werner Heisenberg
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The First Quantum Revolution: Building the Modern World One Particle at a Time

Laser, transistor. MRI. Semiconductor era. The Dawn of the Digital Age: A Quantum Spark Ignites the
World

Amid the many tangled enigma of everything abootastand energy, a silent revolution was emerging

& one which was changing not just textbooks but the circuitry of our modern world. It started in 1947
at Bell Laboratories where the small transistor was Borhut not as a simple invention, but as the
offspring of quantum insights into semiconductors like silicon and germanium. Quantum Mechanics,
by that time, had revealed the hidden choreography of electrons in solids, successfully explaining the
notions of energy bands and conduct®nwhere unique mateis could be harnessed for relevant
purposes that classical physics could not. Quantum Mechanics had transformed materials into miracles,
allowing the transistor to phase out large vacuum tubes, constricting whole rooms of computation into
a single fingeiip. Thus, not only was the First Quantum Revolution bbrrit was also wired into
history.

The transistor was just the start of the unstoppable march: from the ENIAC to the iPhone 14 Pro, from
a few transistors to over 16 billion in the palm of our hahttsore's Law, which said transistors would
double every two years, could not have been both a technical prediction and a prophecy without being
enabled by the quantubrased miniaturizationVith each miniaturization there was a ledp speed,

power, and ecessibility. The classical computing era was built on the quantum underpinnings.

But the impact did not end with computing. Quantum mechanics, with its strange yet accurate insights,
awarded us a new lens for looking at realigfmost literally. When th laser was invented in 1960, it

also used the quantum principle of stimulated emission, producing light beams so coherent and focused
that we could store music, perform eye surgery, cut steel, and use them to link voices thousands of miles
across the ocea using fiber optics. Next came atomic clocks, which ticked at the quantum transition
for the atom, enabling GPS satellites to locate us within meters anywhere on the planet. Even in
hospitals, we used quantum spin as an invisible he@teMagnetic Resnance Imaging (MRI), the
nucleus itself became a storyteller of our internal health.

All of the technologies we have discusgedasers, transistors, superconductors, atomic clocks, and
MRI were not derived from control of quantum states, but neverthétessemerged from having a
deeper understanding of the states of quantum. This was the realization of the First Quantum
Revolution: we were not in command of the quantum worldydiut we were listening, listenei

and in listening, we changed the world

Spring

Emitter Collector]

Plastic
. Wedge
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Base

Invention of transistor in 1947 at Bell Laboratories, USA
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Todfa\y, a smartphone is a quantu.m symphc Technology | Quantum Principle | Major applications
Behind the glass screen, there is a tangl Quantum behavior | - ‘
: . . CrOProCessors,
quantum ideas: photons governed by wi _ of electrons in e S
. . - Transistor (1947) | semiconductors | P AL
equations, electrons roaming through silic (band theory sman{)hones_dxgnah
. . .. 2 t
valleys, and timé&ept to atomic precision. An energy levels) CIeCHONIS
still, this feels strangely ordinary the Optical
; . . o communication,
guantum .archltecturg is so thorou.gr Stl?nlga(;ii rt:t:i]Zl;silon i
mtegrgted into the fabric of our everyday live¢ Laser (1960) energy levels in tooslcs;"l:ra::r:&ode
That is the understated success of the atoms DVDS/CDs.
Quantum Revolution: the strange has becc research
necesary, the abstract has become noral GPS,
. , : : Quantum telecommunications
and the universe's weirdest laws have crei Atomic Clocks | transitions between e
; (1950s) energy levels in ST
fundamental tools for the human experienct atoms (ke Cesium)| imekeeping, space
nawgatlon
The Second Quantum Revolution: Quantum METachine:
Engineering the Unseen Superconductivity | coherence and maglev trains,
. . (understood in | pairing of electrons quantum
The Second Quantum Revolution is 1957) (Cooper pairs, BCS| computers (future
watershed moment in the story ofrhanity & theory) potential)
not only in the understanding of nature's la Magnetic Quaélftlslg?np;ggerty Medical imaging,
but in governing them. The first quantu |Resonance Imaging| . P brain scans, soft
. - : (MRI) EECHON vl tissue diagnostics
revolution enabled us to build things based magnetic fields
quantum theory; the Second Quant Photoelectriceﬂ]'(ect
; : : . (Einstein’s work) Cameras, solar
Revolution allows us to actively engineer it Pfﬁﬁe&cgrss& aind encigy eh L o
order to entangle the fundamal gquantum Z quanlliizalionof sensing, astronomy
properties of particlessuch as superpositiol ght
p Band gap theory, i
entanglemen.t, and qugntum coherencin S e mLClElg; S(i)rllctléoellz.d
ways previously unimagined. In th Diodes quantized electron dmuitsgm
revolution, nature is no longer a pass et

interpreter; it becomes a programmable coc

Technologies of the First antum Revolution

At the core of this era is superposition, a situation in which a quantum bit (qubit) can occupy a
combination of many states simultaneously, a notion that once puzzled both physicists and
philosophers. Superposition is now propelling #mergent field of quantum computing. Computers
based on classical logic process information in bit modes of either 0 or 1. Conversely, quantum
computers, based on qubits, will evaluate all possible solutions simultan@ouséyallelism on a
cosmic level Issues that would take classical computers centuries to dedphfar instance,
simulating molecules for drug discovery, solving logistics networks, or cracking modern encéyption
would take minutes with quantum machinBst possibly even more astohisg than this is quantum
entanglement, a phenomenon that Albert Einstein dismissively dubbed "spooky action at a distance.”
In this state, two particles become so deeply connected that an alteration in one will instantly alter the
other, regardless of hdiar apart the two are. This strange and bizarre principle, which has been verified
experimentally, forms the heart and backbone of quantum communieatidunltra-securemethod of
transmitting information in a way that makes it impossible to eavesdrop.

sts not in seeki

d Marcel Proust

The real voyage of discovery consi ng
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By employing Quantum Key Distribution (QKD), we can make any attempt at finding eavesdropping,

or even directly intercepting éhmessage impossible by simply hacking the system. And as soon as the
eavesdropper exists, we can tell that someone is trying to intercept the communication. This means that
we are entering an age of cryptography that is impossible to hack.

In addition, he Second Quantum Revolution has also enabled quantum sensing and quantum metrology,
which use quantum interference and entanglement to make measurements of physical quantities with
incredibly high levels of precision. Quantum sensing and quantum metrateggiready having an
effects: from gravitational wave detectors, to nAgaheration GPS, to braimaging devices that
demonstrate atomic resolution to map the veteran's neural activity. Quantum sensing and metrology are
advancing and transforming secdmuch as medical diagnostics, navigatigeophysics, and even
archeologyWhat sets this revolution apart is not only the promise, but alsbdbie foundations of

this revolution. This was possible because the tools of the First Quantum Revélutdears, atomic

clocks, semiconductorgw-temperature superconductdngat permitted the extremely precise control

and isolation required to manipulate single particles. Using these tools we can trap single atoms, cool
them nearly to absolute zero, and egta them with laser light pulses, allowing us to shape quantum
systems which behave exactly how we intended and designed.

Multi particle hnear superposition

(a) Quantum entanglement (ge) (b) Quantum superposion (gs)

Quantum Entanglement

Quantum entanglement is a phenomenon in
quanium mechanics where the properties of
two or more particles become cormrelated in

such a way that the state of one particle
cannot be described independently of the
state of the others, even when the particies
are separated by large distances. This means
that the state of one particle is direclly related
to the state of another, regardliess of the
distance between them.
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And yet, we are just scraping the surface of the true potentiantQm networks, in which entangled
photons entangle information to be transferred to distant nodes, could create a Quantum Internet one
day. Quantum simulators may very soon begin to understand the mysteries -ténmignature
superconductivity or the arof the early universe. Fautilerant quantum computers are still being
developed; these could be the potentially disruptive technology that will affect diverse fields ranging
from artificial intelligence to climate change modeling.

This revolution is nbjust a better form of technology; it is an entirely different relationship with nature
itself. For the first time in history, we are not merely observers of the quantum realm, we are architects
of the quantum realm. We are beginning to identify the ibdasules that were once strange, they were

once questionable, they were once not even viewable and not even believed, now we are beginning to
use these as tools. As we progress into this quantum age, we remember that the universe does not just
obey logicor act with logic, it is logic, spelled out simultaneously in all dimensions from probabilities

to entanglements to wave functions.

Technology Quantum Principle Used Key Features Major Milestone / Year

Unbreakable encryption via
Quantum Cryptography | Entanglement, Superposition | Quantum Key Distribution
(QKD)

Qubits allow parallel

Superposition, Entanglement,| processing: breakthrough
Interference algorithms like Shor’s and

Grover’s

BB84 protocol proposed by
Bennett & Brassard — 1984

Shor’s Algorithm — 1994,
Grovers — 1996, IBM demo
2001

Quantum Computing

Simulates complex quantum
Quantum Simulation Superposition, Interaction systems that classical
computers can’t model

First molecular quantum sim
—2007

Ultra-sensitive measurements
Quantum Sensing Entanglement, Interference for MRI, navigation, and
geology

NV-center sensors in diamond
gain traction - 2012

founects quaniing Ieocesons First quantum teleportation

Quantum Networks Entanglement to form secure quantum over 100 km - 2015
mternet
Enables secure data China’s entanglement-based
Quantum Communication Entanglement, QKD [transmission and teleportation| QK D, satellite link (Micius) —
of quantum states 2017

“Ghost imaging™ beyond

e e Practical demonstrations —
classical limits using quantum S >

Quantum Imaging Quantum Correlation,

2 o S 2
Entanglement light 2017
Topological Effects
LS S Superconductors, topological | Breakthroughs in topological
Quantum Materials Coherence insulators for advanced phases —2017-2020
computing/sensors
= i 5 o Public access to quantum  [IBM Q Experience launched
Quantum Cloud Access | Superposition, Entanglement processors via cloud services 2016
e 3 . | Quantum computer solves a R =
Quantum Supremacy Superposition, Entanglement, task faster than any classical ) Google Sycamore ¢
= Interference ks announcement — 2019

3 . Combines Al with quantum
+ 4
Quantum Al/ML Quam(g;;;&ggg);umg speedups for faster pattern
a recognition, training, etc.

Quantum-enhanced ML
under research — 2023-Present

Advancements in atomic
clocks and magnetometers —
Ongoing

Ultra-precise measurements
for time, gravity. and magnetic
fields

Coherence, Atomic

Quantum Metrology Iteors

Second Quantum Revolutiori Technologies & Timeline

"Everything we call real is made ofitiys that cannot be regarded as real
0 Niels Bohr
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The Second Quantum Revolution represents more than just another leap in tecBndlagffers a
complete rewrite of possibl@mputing and physical realitiegther than merely observing passively,

humanty now has the capacity t 100 YEARS OF QUANTUM REVOLUTION
manipulate and engines

PHASE 1 FOUNDATIONS & QUANTUM PHASE 5 PHASE 6
quantum states. With [{gBll PROGRESS:10%  THEORETICALBIRTH COMPUTING  NISQ &GROWTH  FUTURE QUTLUK
S o PROGRESS: 10 % CONCEPTS PROGRESS: 90 % PROGRESS: 100 %
principles  of  superpositior ; , 1980-1996
Planck’s Transistor
Quantum Invented Feynman's Better Qubits NISQ Apps in
entanglement’ and quantu Hypothesis (1947) Quantum & Fidelity ; Focus
interference, we are buildin B2 i Computerdea. (2020) (2024-25)
1981)
- Einstein’s Devels Hybrid Push for E
quantum computers that calcule [ INNE e Deutschis Aortma: o
. . . i d Ad -
the unimaginable; entangle B MRIPrinciples  (198%) G o
i X Quantum from Spin Post-Quantum
communications that cannot | JEEEEWES (1940s-70s) Shor’s Rise of Security
. Formalized Algorithm Quantum Measures
intercepted; and sensors that ¢ Gz for Factoring  Supremacy (2024-25)

(1994)
Quantum Computing Market [ B -]

CRAND Vil w RELEAR

detect universe's quiete
whispers. With the first era ¢
quantum physics build upon wit
lasers, atomic clocks an
superconductors as the proverh

wheels under our feet, we a
now able to go deeperandcont mw il W B l I I

the once uoontrollable.

20.5%

Giooal Mahot CACS,

2025 - 2050

In this bold new age, the possible is being radically redefined. Theoretical is becoming the
technological. Abstract is becoming necessity. And what might have been dream is becoming
framework. The Second Quantum Revolution remindsaistite universe is not built from certainties,

but from possibilities; and the key to tomorrow ig about dominating the visibléut capturing the
invisible.

Recent Developments: Redefining the Limits of Reality

As we enter the 2icentury, the quantumealm, which was once a world of paradox and probability,

is beginning to represent a space of precision, control and ability. The Second Quantum Revolution is
not something that is in the future, but one that is unfolding now, with astonishing diss txagpening

that will change not just the discipline of physics, but the underpinning structure of modern technology
and understanding itself.

Quantum Entanglement: Threads of the Invisible

What Einstein had famously derided as "spooky action at a distehoew a key component of
guantum science. Quantum entanglement, where particles share a state, regardless of their spatial
separation, has evolved from philosophical mystery to practical advantage. The Nobel Prize in Physics
awarded in 2022 to Alain Aggt, John Clauser, and Anton Zeilinger put the phenomenon on the
experimental footing confirming it, and decisively ruling out local hidden variable theories. In 2019,
physicists at the University of Glasgow even took the first image of entanglement,gnfoim
abstraction to visual impedance.

AiThe universe begins to |l ook more |like a great
0 Sir James Jeans
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Indian echo: mirrors Advaita Vedantshe oneness of all bajs without spatial separations.

Allain Aspect

John Clauser

Anton Zeilinger

Energy Teleportation: The Transferral of the Intangible Quantum energy teleportation makes it
possible to transfer informatiezarrying quantum states across space without transferring atgr.mat
This isn't science fiction; it is creating the basis for quantum networks of tomorrow.

Indian echo: A contemporary echo of Sankhya dualism, where information (Purusha) transcends the
material (Prakriti).
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