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v.+. Introduction

The course ‘Introduction to Quantum Theory and Technologies' offers a
comprehensive foundation in one of the most exciting and transformative areas of
modern science. With the rapid emergence of quantum computing.
communication. and sensing. understanding the principles of quantum mechanics
isno longer limited to theoretical physicists—it has become essential for engineers.
computer scientists. and technology professionals.

This course is designed to introduce students to the fundamental concepts of
guantum theory while showing how these ideas are being applied in cutting-edge
qguantum technologies. It begins with the basics of quantum mechanics. covering
wave-particle duality. the uncertainty principle. quantum states. operators. and
the Schroédinger equation. laying the groundwork for understanding how nature
behaves at microscopic scales. The course then transitions into quantum
computing. where students learn about qubits. quantum gates. quantum circuits.
and algorithms such as Grover's and Shor’s that outperform classical solutions.
Students are

introduced to quantum sensing and metrology. where quantum systems enable
ultra-sensitive

measurements vital to healthcare. navigation. and defence applications. The final
unitdiscusses

real-world industrial applications of quantum technologies. highlighting how

R RIIRElISRIdresses the challenges of scalability. cost. standardization. and
BOkfsreegttadinEsMigioRdt 1abendeP!ayiRaligHaniien sYSERENTUA TRV fRrRiex
W?ﬁﬁtl%aﬂPBpens doors to emerging careers in quantum science by equipping
exATRINES 9P A RIIRIYER ARG LDdiR Sereee Prediar tsmseh antheNarigrahitissiay
Sfudying this course. learners gain a solid understanding of the theory behind
QUi Tardmeieshes aA@Plkatiiastical knowledge needed to engage with this
frontier field. As quantum technology continues to evolve. those equipped with this
knowledge will be at the forefront of innovation in industries ranging from computing
and cybersecurity to materials science and precision medicine.

v.yv. Transition from Classical Physics to Quantum Mechanics

At the end of the \ath century. classical physics was seen as nearly complete.
Newtonian mechanics explained planetary motion. Maxwell's equations described

electromagnetism.



thermodynamics clarified heatand work. and classical optics enabled scientific tools like
microscopes and telescopes. Chemistry had a basic periodic table. butthe atomic structure an
electron behaviourin reactions were not understood.

The transition from classical physics to quantum mechanics marks one of the most profound
paradigm shiftsin scientific history. Classical physics. which dominated for over two centuries.
was grounded inthe beliefthat all natural phenomena could be described by deterministic laws
Conceptssuch as Newton’s laws of motion. thermodynamic principles. and Maxwell’s equation
provided a complete and elegant framework for understanding the physical world.

Rutherford’s experiments revealed atoms had dense. positively charged nuclei with orbitinc
electrons. raising the question of why electrons didn't collapse into the nucleus—somethinc
classical physics couldn’t explain due to predicted energy loss. This and other unexplained
phenomena. such as blackbody radiation. the photoelectric effect. and hydrogen spectral
lines. molecular spectroscopy exposed the limitations of classical models.

However. as experiments grew more precise at the atomicand subatomic scales. cracks began
appearinthis classical edifice. Phenomena like blackbody radiation defied classical
predictions. as models such as the Rayleigh-Jeans law led to absurd results like the ultraviolet
catastrophe—where infinite energy emission at short wavelengths was expected. Similarly. th
photoelectric effect revealed that light could behave like discrete packets of energy. or photons
as Einstein proposed—challenging the continuous wave view held by classical optics.

These challenges led to the development of quantum mechanicsin the early v.th century. with
major contributions from scientists like Planck. Einstein. Bohr. Schrédinger. and others. Befor
exploring the key quantum experiments. itintroduces the classical wave model of light. which
dominated thinking before quantum theory.

The stability of atoms posed another riddle. According to classical electromagnetism. orbiting
electrons should continuously emitradiation and spiral into the nucleus. yet atoms remainec
stable. Moreover. when hydrogen gas was excited. it emitted lightin distinct spectral lines rathe
than a continuous spectrum—something classical theory couldn’t explain. These inconsistencie
pointed to the need for a new theoretical framework. Enter quantum mechanics: atheorybase
noton certainty. but probability. where particles like electrons exhibit both wave-like and

particle-like properties. Max Planckintroduced the idea that energyis quantized. emitted ir
discrete amounts called quanta. This concept became the seed forarevolution. Niels Bohrrefin
atomic models using quantized orbits to explain hydrogen spectra. Louis de Broglie suggestec
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that matter had wave properties. while Werner Heisenbergintroduced the uncertainty principls
redefining how we measure physical systems. Schrédinger’s wave equation offered a new
mathematical tool to describe electron behaviourin atoms.

Quantum mechanics did not just revise physics—it redefined our understanding of reality itself.
Unlike classical physics. where outcomes were predictable. quantum theory embraced
uncertainty and probability. Observables like position and momentum could no longer be know
simultaneously with arbitrary precision. The deterministic worldview gave way to a statistical
one. yetthis new approach proved incredibly accurate and predictive. Quantum theory provide
the foundation for semiconductors. lasers. nuclear energy. and much more. Italso laid the
groundwork for modern quantum technologies—such as quantum computing. quantum
cryptography. and quantum sensing—which are now driving a new technological revolution. Tt
journey from classical to quantum physics reminds us that scientific knowledge evolves. often
through radical shifts. as we probe deeperinto the fundamental nature of the universe.

v.1v.yDescription of Light as an Electromagnetic Wave

As mentioned above. the description of electromagnetic radiation in terms of
Maxwell’'s equation was published in the early ya1:s. The solution of these differential
equations described light as a transverse wave of electric and magnetic fields. In the
absence of charge and current. such a wave. propagating in vacuum in the positive z-

direction. can be described by the following equations:

E = E, sin(k X z — wt) = E, sin(2nz/ — 2xvt) (1.1)

B= B, sin(k X z — wt) = By sin(2nz /). — 2w vi) $1.32)
where the electricfield and the magneticfield are perpendicular to each other. as shown in Figul
v.v.and oscillatein phase at the angular frequency

w=2xv (1.3)

wherevisthe frequency of the oscillation. measuredinunitsofs—y=Hz. InEgs. (".vyand (v. v).
kis the wave vector cor momentum vector) of the electromagneticwave. defined by Eq. (1. ¢):

k = |k| = 2r/x (1.4)
Here. 1 is the wavelength of the radiation. measured in units of length. and is
defined by the distance between two consecutive peaks (or troughs) of the electric
or magnetic fields. Vector quantities. such as the electric and magnetic fields. are
indicated by an arrow over the symbol or



by bold typeface. Sincelightis awave. it exhibits properties such as constructive and destructive
interference. Thus. when lightimpinges on a narrow slit. it shows a diffraction pattern similar tc
that of a plain water wave that falls on a barrier with a narrow aperture. These wave properties
of lightwere wellknown. and therefore. light was considered to exhibit wave properties only. a:

predicted by Maxwell’s equation.

E

v i

Figure 1.1 Description of the propagation of a linearly polarized electromagnetic wave as
oscillation of electric {f__-') and magnetic (B) fields.

Ingeneral. anywave motion can be characterized by its wavelength 1. its frequency v.
andits propagation speed. For light in vacuum. this propagation speed is the velocity
of light c (c= v.1aa x y+Am/s). In the context of the discussion in the interaction of light
with matter will be described as the force exerted by the electric field on the charged
particles. atoms. and molecules. This interaction causes a translation of charge. This
description leads to the concept of the “electric transition moment.” which will be
used as the basic quantity to describe the likelihood (that is. the intensity) of spectral
transition. In other forms of optical spectroscopy (the magnetic transition moment
must be considered as well. Thisinteraction leads to a coupled translation and

rotation of charge. which imparts a helical motion of charge. This helical motion is the
hallmark

of optical activity. since . by definition. a helix can be left- or right-handed.

Thus. light as an electromagnetic wave serves as a bridge between classical
theory andthe

quantum view. While Maxwell’s equations beautifully describe the propagation and

wave
behaviour of light. they fall short when explaining phenomena that involve
quantized energy

exchange. sych as the photoelectric effect or atomic emission spectra. These
VoVLY Blé;ﬁ(bogy Radsiation P P
limitations led to
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Alams Arinedendlgs undergoing transitions between well-defined stationary states.
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especiallyin
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does notinclude the creation of radio waves or other long-wave phenomena. for example. ir
standard antennasinradio technology. but describes ultraviolet. visible. and infrared radiatio
which are the main subjects of this book. The atomicline spectra thatare employedin analytical
chemistry. forexample. in a hollow cathode lamp used in atomic absorption spectroscopy. ar:
duetotransitions between electronic energy states of gaseous metal atoms. Thelight created b
the hot filamentin a standard light bulb is another example of light emitted by (metal) atoms.
However. here. one needs to deal with a broad distribution of highly excited atoms. and the
description of this so-called blackbody radiation was one of the first steps in understanding the
quantization of light. Any material at atemperature T will radiate electromagnetic radiation
according to the blackbody equations. The term “blackbody” refersto anidealized emitter of
electromagneticradiation with intensity IcA« T) or radiation density p(T. v) as a function of
wavelength and temperature. Atthe beginning of the twentieth century.
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Figure 1.2 (a) Plot of the intensity | radiated by a blackbody source as a function of
wavelength and temperature. (b) Plot of the radiation density of a blackbody source as a
function of frequency and temperature. The dashed line represents this radiation density
according to Eq. (1.5).

itwas not possible to describe the experimentally obtained blackbody emission profile
by classical physical models. This profile was shown in Figure \.v for several
temperatures between ... and ... K as a function of wavelength. M. Planck
attempted to reproduce the observed emission profile using classical theory. based
on atomic dipole oscillators (nuclei and electrons) in motion. These efforts revealed
that the radiation density p emitted by a classical blackbody into a frequency band dv
asfunction ofvand Twould be givenby Eq. (1.0):

e 8xkTv*
pT, V) = =

(1.5)

where the Boltzmann constant k=1.vAy x v+—vv @) /Keg. This result indicated that the
total energy radiated by a blackbody according to this “classical” model would

increase withvy as shown by



thedashed curvein Figure\.vb. Ifthis equation were correct. any temperature of a material abc
absolute zerowould be impossible. since any material above . Kwould emitradiation according
toEqQ. (1.0)c and the total energy emitted would be unrestricted and approach infinity .
Particularly. toward higher frequency. more and more radiation would be emitted. and the
blackbodywould coolinstantaneously to - K. Thus. any temperature above - Kwould be
impossible. Thisis. of course. in contradiction with experimental results and was addressed by
M. Planck (va+1)who solved this conundrum by introducing the term \ /e..usc(hv /KT) —V) into the
blackbody equation. where his Planck’s constant:

2 2 L 4
2 81 hv 1 _ 8mhy o for h_b i (1.6)

c3 (ef_;__l)” c3 kT

The shape of the modified blackbody emission profile given by Eq. (.1 is in

p(T,v)

agreement with experimental results. The new term introduced by Planck is
basically an exponential decay function. which forces the overall response profile to
approach zero at high frequency. The numerator of the exponential expression
contains the quantity hv. where h is Planck’s constant (h =1.1v1 x Vv.—v¢ Js). This
numerator implies that light exists as “quanta” of light. or light particles (photons)
WitBEH&IEY- hv (1. v)

This. initself. was arevolutionary thought since the wave properties of light had been establishe
more than two centuries earlier and had been described in the late yA. .s by Maxwell’s equations
interms of electricand magnetic field contributions. Here arose for the first time the realization
thattwo different descriptions of light. in terms of waves and particles. were appropriate
depending on what questions were asked. Asimilar “particle-wave duality” was later postulatec
and confirmed for matteraswell . Thus. the work by Planck very early in the twentieth century

istruly the birth of the ideas resulting in the formulation of quantum mechanics.

yv.v.v The Photoelectric Effect

In va.0. Einstein reported experimental results that further demonstrated the energy
quantization of light. In the photoelectric experiment. light of variable color
(frequency) illuminated a photocathode contained in an evacuated tube. An anode in
the same tube was connected externally to the cathode through a current meter and a
source of electric potential (such as a battery). Since the cathode and anode were
separated by vacuum. no current was observed. unless light with a frequency above a
threshold frequency was illuminating the photocathode. Einstein correctly concluded
thatlight particles. or photons. with afrequency above this threshold value



had sufficient kinetic energy to knock out electrons from the metal atoms of the photocathode
These “photoelectrons” left the metal surface with a kinetic energy given by

E,;,(photoelectron) = E o, —@ = hv — ¢ (1.9)

where ¢ is the work function. or the energy required to remove an electron from
metal atoms. This energy basically is the atoms’ ionization energy multiplied by
Avogadro’s number. Furthermore. Einstein reported that the photocurrent
produced by the irradiation of the photocathode was proportional to the intensity of
light. or the number of photons. but that increasing the intensity of light that had a
frequency below the threshold did not produce any photocurrent. This provided
further proof of Eq. (1.4). This experiment further demonstrated that light has
particle character with the kinetic energy of the photons given by Eq. (1.v). which led
to the concept of wave-particle duality of light. Later. de Broglie theorized that the
momentum _p )\ (Vv

PRI SRAPLON WRKHYRMRY the de Broglie equation. The wave-particle duality was later (vavv)
confirmed to be true for moving masses as well by the electron diffraction experiment of
Davisson and Germer @y, Inthis experiment. a beam of electrons was diffracted by an aton
lattice and produced a distinctinterference pattern that suggested that the moving electror
exhibited wave properties. The particle-wave duality of both photons and moving matter can be
summarized as follows. For photons. the wave properties are manifested by diffraction
experiments and summarized by Maxwell’s equation. As for allwave propagation. the velocity
of light. c. isrelated to wavelength A and frequency v by

c=Av=ufv (1.11)

with € =v.44A x V+A @M /si and A expressed in @:smag and v expressed in w@xsHz = s—yi&.
The quantityv is referred to as the wavenumber of radiation ¢in units of m-y or cm-)
thatindicates how many wave cycles occur per unitlength:

T=1/A (1.12)

The (kinetic) energy of a photonis given by

E=hv=hc/A=hw (1.13)
withh - h /ymand w. the angular frequency. defined beforeasw =y1v.
From the classical definition of the momentum of matter and light. respectively.

p=mvorp=mc (1.14)



it follows that the photon mass s given by

Mypoon = P/C = h/(c}) (1.15)
Notice that a photon can only move at the velocity of light and the photon mass can
onlybe defined atthe velocity c. Therefore. a photon has zerorest mass. m-. Particles
of matter. onthe other hand. have a nonzero rest mass. commonly referred to as
theirmass. This mass. however. is afunction of velocity vand should be referred to as

mv. whichis givenn?y
m,=—— (1.16)

- (2)
Equation (1.1 demonstrates that the mass of any matter particle will reach infinity

when accelerated to the velocity of light. Their kinetic energy at velocity v (far from the
velocity of light) is given by the classical expression

E,, = bmv’ =p*[2m (1.17)
The discussion of the last paragraphs demonstrates that at the beginning of the
twentieth century. experimental evidence was amassed that pointed to the necessity
to redefine some aspects of classical physics. The next of these experimentsthatledto
the formulation of quantum mechanics was the observation of “spectral lines” in the
absorption and emission spectra of the hydrogen atom.

v.1. ¢ Hydrogen Atom Absorption and Emission Spectra

Between the last decades of the nineteenth century and the first decade of the
twentieth century. several researchers discovered that hydrogen atoms. producedin
gas discharge lamps. emit light at discrete colors. rather than as a broad continuum
of light as observed for a blackbody (Figure y.va). These emissions occur in the
ultraviolet. visible. and near-infrared spectral regions. and a portion of such an
emission spectrum is shown schematically in Figure y.v. These observations predate
the efforts discussed in the previous two sections and therefore may be considered
the most influential in the development of the connection between spectroscopy and

guantum mechanics.
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Figure 1.3 Portion of the hydrogen atom emission in the visible spectral range,
represented as a “line spectrum” and schematically as an emission spectrum.

These experiments demonstrated that the H atom can exist in certain “energy
states”or “stationary states.” These states can undergo a process thatis referred to as
a “transition.” When the atom undergoes such a transition from a higher or more
excited state to a lower or less excited state. the energy difference between the states
is emitted as a photon with an energy corresponding to the energy difference
between the states:

AE =E;—E =E = hv = he/A (1.18)

molecule photon

where the subscript f and i denote. respectively. the final and initial (energy) state of
the atom(or molecule). Such a process is referred to as a “emission” of a photon.
Similarly. an absorption process is one in which the atom undergoes a transition from
a lower to a higher energy state. the energy difference being provided by a photon
that is annihilated in the process. Absorption and emission processes are collectively
referred to as “transitions” between stationary states and are directly related to the
annihilation and creation. respectively. of a photon. The wavelengths or energies
from the hydrogen emission or absorption experiments were fit by an empirical
equation

knownbgg}tﬁe_ﬁz)‘/é%%rg equation. which gave the energy “states” of theUH%/%)rogen
Fdhisequation. nis an integer «<») “quantum” number. and Ry is the Rydberg
constant. (Ry =v.\va x \+=yA)). This equation implies that the energy of the hydrogen
atom cannot assume arbitrary energy values. but only “quantized” levels. E(n). This
observation led to the ideas of electrons in stationary planetary orbits around the
nucleus. which - however - was in contradiction with existing knowledge of
electrodynamics. as discussed in the beginning of this chapter. The energy level
diagram described by Eq. (1.14) is depicted in Figure yv.¢. Here. the sign convention
isas follows. For n-oo. the energy of interaction between nucleus
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Figure 1.4 Fnergy level diagram of
the hydrogen atom. Transitions 0 < n=oco
between the energy levels are
indicated by vertical lines. 11 «— n=4
«e— n=3
=
=
=
L% €<— n=2
-1.0 x 1078 —
—2.0 » 10718 —
~— n=1

and electron is zero. since the electron is no longer associated with the nucleus. The
lowest energy state is given by n= 1. which corresponds to the H atom in its ground
state that has a negative energy of v.\va x \.—\a J. Equation (1.14) provided a
background framework to explain the hydrogen atom emission spectrum. According
to Eq. (1.1 4). the energy of a photon. or the energy difference of the atomic energy

levels. between any two states nfand ni can be wyitten as

5 " S 2 1 1
JI:‘]:uhul'.un . ﬂi:'ulwm e b_if' - 'E:' o _ng.-' 3 2 (1.20)
n].. ﬂ,].

At this point. an example may be appropriate to demonstrate how this empirically
derived equation predicts the energy. wavelength. and wavenumber of light emitted
by hydrogen atoms. This example also introduces a common problem. namely. that
of units. Although there is an international agreement about what units (the system
international. or SI units) are to be used to describe spectral transitions. the problem
is that few people are using them. All efforts will be made to use SI units. or at least
give the conversion to other units. The sign conventions used here are similar to those
inthermodynamics where a process with a final energy state lower than

that of the initial state is called an “exothermic” process. where heat or energy is lost
Theenergy

is lost as a photon and is called an emission transition. When describing an
absorption process.

the energy difference of the atom is negative. AEatom >.. that is. the atom has
gained energy

("endothermic” process in thermodynamics). Following the procedure outlinet?in
Example .y

would lead to a negative wavelength of the photon. which of course is physically



v.1.0 Molecular Spectroscopy
Molecular spectroscopy is a branch of science in which the interactions of

electromagnetic radiation and molecules are studied. where the molecules exist in
quantized stationary energy states similar to those discussed in the previous section.
However. these energy states may or may not be due to transitions of electrons into

differentenergylevels. but duetovibrational.

Table 1.1 Photon energies and spectroscopic ranges®.

¥ photon ‘lphaton Ephoton 4 Ephoton [ki/mol] Ephutnn [m~!] Transition
Radio 750MHz 04m Sx10m2" 3107 2.5 NMRP
Microwave 3GHz 1l0cm 2x107** 0.001 10 EPRP
Microwave 30GHz 1cm 2x107%  0.012 100 Rotational
Infrared 3%10* Hz 10pm 2x1072° 12 10° Vibrational
UV /visible 10 300nm 6x107* 360 3x10° Electronic
X-ray 108 0.3nm 6x107"® 3.6x10° 3x10° X-ray absorption

rotational. or spin energy levels. Thus. molecular spectroscopy often is classified by

the wavelength ranges of the electromagnetic radiation (for example. microwave or
infrared spectroscopies) or changes in energy levels of the molecular systems. This is
summarized in Table yv.\. and the conversion of wavelengths and energies were
discussed in Egs. (v.y)-(1.vo) and are summarized in Appendix \. In this table. NMR

and EPR stand for nuclear magnetic and electron paramagnetic resonance
spectroscopy. respectively. In both these spectroscopic techniques. the transition

energy of a proton or electron spin depends on the applied magnetic field strength.
Alltechniques listed in this table can be described by absorption processes

although other descriptions. such as bulk magnetization in NMR. are possible as

well. As seen

in Table v.\. the photon energies are between y.-y1and y.—vo J/photon or about
Vemg=yeo

k] (mol photons). Considering that a bond energy of a typical chemical (single) bond

isabout

Yo—t+ DM molie iE SHows! thdhultkavidleE=pgHdtons have sufficient energy (tolBlreak
Efaoeizat bionelsactions between light and matter occur even when the light's wavelengthis
differére frootethdepebifis el dherspecit odtapia peostdsesodanssSeara alssifitaionof
spectriesiapy . whichis more general than that given by the wavelength range alone . wouldbea
reseasseedodefasatbpEedistingtion. Many of the effects described and discussed in this booka
observed asresonance interactions where theincidentlight. indeed. possesses the exact energ

of the molecular transitionin question. IRand UV )vis absorption spectroscopy. microwave

13



spectroscopy. and NMR are examples of suchresonance interactions. The off-resonance
interactions between electromagnetic radiation and matter give rise to well-known phenomer
such astherefractive index of dielectric materials. These interactions arise since force is exertec
by the electromagnetic radiation on the charged particles of matter even at off-resonance
frequencies. Thisforce causes anincrease in the amplitude of the motion of these particles. Whe
the frequency of light reaches the transition energy between two states. an effect known as
anomalous dispersion of the refractive index takes place.

Thisanomalous dispersion of the refractive index always accompanies an absorption process.
This phenomenon makes it possible to observe the interaction of light either in an absorption or
as adispersion measurement. since the two effects are related to each other by a mathematic:
relation known as the Kramers-Kronig relation. This aspect will be discussed in more detail in
Chapter .. The normal (nonresonant) Raman effectis a phenomenon that also is best described
interms of off-resonance models. since Raman scattering can be excited by wavelengths that ar
not being absorbed by molecules. Adiscussion of nonresonant effects ties together many well.
known aspects of classical optics and spectroscopy.

v.y Fundamental Principles

v.Y.\ySuperposition

Superposition is a fundamental concept in quantum mechanics. describing the
condition in which a quantum system can exist in multiple states or configurations
simultaneously. Classical bits can exist in two possible states. typically labelled as "+
and"y. Incontrast. because a qubitis a quantum mechanical system. it can existin the
“." state. the “\" state. or any state that is a linear combination of . and 1.
Mathematically. superposition is a linear combination of *.*and "y and can be written

%) = |0) + B|1)

where | | is the state of the qubit. | ->and |)) are the basis states (or the

computational basis states). and aaa and BBRB are complexnumbers called
probability amplitudes. The probability amplitudes determine the
probabilityofmeasuring the qubitin either state when a measurementis made.

14



Figh.o:Qubits

Importantly. the state ofsuperpositioncanbemaintainedonlywhileaquantumsystemis
unobserved. Once measured.thewavefunctionofaquantumsysteminastateofsuperposition
‘collapses'into one of thebasisstates.

For a concrete example ofhowthismightworkifsuperpositioncouldexistintheeverydayworld.
imagine that a coin thatisflippedandlandsonatable.Inclassicalmechanics--andinthe
everyday world as we knowit--thecoinendsupinastateofeitherheadsortails . Inaquantum
mechanical system. the coincouldbebothheadsandtailsatthesametime.butonlyuntil
someone or something observesitormeasuresit.Inthisanalogy.onceobserved.thecoinwould
take onthe state of either headsortails.

Superposition is afundamentalattributeofquantumcomputingsystems. Oneofitsbenefitsor
uBesas et itssialsiferahbgassibilitgoantum parallelism

only one of two possible states..ory.classicalcomputerscanperformonlyonecomputationat
atime.e.g.. “ifthebitis a\dothis.ifnotdothat.nextdothis.etc.”Incontrast.becauseaqubit
canbeinasuperposition of :and\.thequantumcomputercanperformmultiplecomputations
in parallel by processing all possiblestatesofthequbitsatonce.

Superpositionis central to quantumcomputing . offeringalevelofpowerandparallelismthat
classical computers cannot match . Withclassicalbits.eachbitcanrepresentonlyasinglevalue
atatime. limiting operationstosequentiallogic. Butwithqubitsinsuperposition.aquantum
computer can evaluate manypossiblecombinationsofinputssimultaneously . Thiseffectis
known as quantum parallelism.Forexample.asystemofjustrqubitscanrepresentastatesat
once (v3). allowing it to processallthoseconfigurationsinasingleoperation.

15



Despite its strangeness. superposition is not magic: it'sanatural. observable aspect of the
microscopicworld. Technologies like quantum sensors. quantum simulators. and quantum
cryptography also leverage this principle. As researchers continue to refine hardware and erro
correctiontechniques. harnessing superposition will remain key to unlocking the full promise o
guantum technologiesintheyearsahead.

v.v.y Entanglement

Entanglement is a fundamental concept of quantum mechanics that describes a
non-classical correlation. or shared quantum state. between two or more
quantum systems (or quantum particles) even if they are separated by a large
distance. This phenomenon is also known as quantum non-locality. and itis one of
the key features of quantum mechanics that distinguishes it from classical
mechanics. Quantum systems are described by a mathematical object called a
wavefunction. which contains information about the possible outcomes of
measurements that can be performed on the systems. When two or more quantum
systems are entangled. their

wavefunction cannot be expressed as a product of individual wavefunctions for
each system.

Instead. the systems are described by a single wavefunction that captures the
correlation between

avefunction

of the other

o -

O o o o o - -

Fig).v: Entanglement

In quantum computing. entanglementis used to enable quantum parallelism. which is the abili
of quantum computers to perform multiple calculations simultaneously. Entanglementallow
quantum computers to manipulate many qubitsin asingle operation. instead of manipulatin
each qubitindividually. asin classical computing. For example. consider two qubits that are
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initially prepared in an entangled state. If ameasurementis made on one of the qubits. and itis
foundtobeinthestate|-) . thenthe state of the other qubitimmediately collapses to the state |-
aswell. Similarly. if the first qubitis measured to be in the state |1 > . then the state of the second

qubit collapsestothe state |\ aswell.

In quantum computing. entanglementis a powerful enabler of quantum parallelism and

coordination. While classical computers manipulate individual bits. quantum algorithms take
advantage of entangled qubits to operate on a vast number of states simultaneously. allowing fi
exponentially more complex computations. Entanglement also plays a vital role in quantum
teleportation. which does not transmit matter butinstead transfers a quantum state from or

location to another using pre-shared entangled qubits and classical communication.

Entanglement enables quantum computers toimplementvarious protocols and algorithms th
are not possible with classical systems. For example. itis used in quantum teleportation. whick
allows for the transfer of quantum states between two distant systems. Entanglementis also.
key resource for quantum error correction. which is necessary to protect quantum informatio
from decoherence and other errors. By creating and manipulating entangled states. quantt
computers can detectand correcterrorsinawaythatis not possible for classical computers.

Entanglementis also essential in quantum cryptography. particularly in protocols like Quanturr
Key Distribution (QKD). where the security of the communication is guaranteed by the laws of
quantum physics rather than mathematical assumptions. If an eavesdropper tries to interceptt
entangled signal. the disturbance would be immediately evident to the legitimate users.

Another key use of entanglementisin quantum error correction. Quantum informationis fragils
and susceptible to noise and decoherence. By entangling qubits cleverly. quantum error
correction schemes can detectand recover from errors without disturbing the original
information—something impossible in classical computing. Entangled states serve as the
building blocks for logical qubits. which are more stable and can be used for extended
computations.

Overall. quantum entanglement redefines the limits of communication. computation. and
informationtheory. It challenges our classical intuitions and offers a new paradigm where non.
local correlations become tools for advanced technologies. Asresearch progresses. entanglem
will continue to be the backbone of innovations in secure communication. high-speed
computation. and precision measurementinthe quantumera.
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v.v.rUncertainty Principle

The Uncertainty Principle. also known as Heisenberg's Uncertainty Principle.  isa
fundamental conceptin quantum mechanics. It states that:

Itisimpossible to simultaneously know both the exact position and the exact
momentum of a particle.

h
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Where, Ap = uncertainty in momentum

Ax = uncertainty in position
m = mass of particle

h= Planck's constant

The Uncertainty Principle also applies to other pairs of observables. such as
energy and time. and has deep implications for the behaviour of particles in
confined systems. like electrons in atoms. It helps explain phenomena like
zero-point energy. where particles have motion even at absolute zero
temperature. and quantum tunneling. where particles appear to pass

through energy barriers.
In quantum computing. the Uncertainty Principle defines limits on how precisely

quantum states can be manipulated or measured. Itisalso crucial in quantum
cryptography. helping to ensure that any eavesdropping attempt on a quantum

communication channel can be detected. since measurement disturbs the system.

Ultimately. the Uncertainty Principle reshaped our understanding of the universe by
replacing the classical idea of determinism with a probabilistic framework. It teaches us
thatthe act of measurementin quantum mechanicsis not passive—it fundamentally
changeswhatwe observe. This uncertainty is not a weakness but a feature of the quantur

world. revealingitsinherently probabilisticand non-deterministic nature.
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v.Y.¢ Wave-particle duality

Wave-particle duality is a fundamental concept in quantum mechanics which
reveals that all guantum objects. including light and matter. exhibit both wave-like
and particle-like properties. This idea emerged from a series of experiments and
theoretical developments in the early v-.th century. Light. which was classically
understood as a wave due to its ability to interfere and diffract. was shown by
Einstein in ya.0 to also behave like a stream of particles called photons when
explaining the photoelectric effect—where light knocks electrons out of a metal
surface. This demonstrated that light has a particle nature as well. Inspired by this.
Louis de Brogliein

vave proposed that matter. such as electrons. should also exhibit wave-like behavior.

He

introduceﬁztheizén_cept of the matter wave. assigning a wavelength to any particle
yoy

basedonits

where hisPlanck’s onsﬁant.

momentum using therelation.

This duality was dramatically confirmed by experiments such as the electron double-slit
experiment. When electrons pass through two slits. they produce an interference pattern typic:
of waves—evenwhenfired one atatime. However. each electronis detected as a single point-
likeimpactonthescreen. showingits particle nature. The interference pattern only emerges af
many electrons have passed through. revealing the underlying wave-like behavior. This
paradoxical result means that quantum objects cannot be fully described as just particles or just
waves. Instead. their behaviour depends on how they are measured. Wave-particle duality
challenges our classical intuition and suggests that quantum entities existin a superposition of
possibilities. governed by a probability wave. until a measurement collapses thiswave into a
definite outcome.

This strange duality means that quantum particles do not behave strictly as particles or waves.
butas ablend of both. determined by the measurement setup. If you measure their position. th
appear particle-like: if you observe their path indirectly. they exhibit wave-like interference. Th
dual nature defies classical expectations and forces us to adopt a probabilisticinterpretation of
nature.

Inquantumtheory. particles are described by wavefunctions. which represent the probability
finding a particle in a certain state. Only when a measurementis made does this wavefunction
“collapse” to asingle. definite value. Thus. the wave-particle duality reveals that quantum entit
existin a superposition of possibilities until observed.
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This concept not only underpins the foundations of quantum physics but also drives the
functioning of quantum technologies like electron microscopes. quantum computers. and eve
lasers. Ultimately. wave-particle duality challenges our intuitive notions of reality and shows th:
atafundamentallevel. nature behavesin ways that are deeply counterintuitive. yet
experimentally proven.

v.v Classical vs Quantum mechanics -theoretical comparison

@rastiwal rdistivanti deaeuaortesmforedraddrstanding physical phenomena. Classical
mechanics. formulated primarily by Newton. governs the motion of macroscopic
objects like planets. cars. and projectiles. Quantum mechanics. developed in the
early v.th century. is essential for accurately describing the behavior of microscopic
particles such as electrons. atoms. and photons. The two theories differ
fundamentally in their assumptions. mathematical formalisms. and interpretations

of nature.
In classical mechanics. objects have definite positions and velocities at all times. The state of a

system can be precisely predicted using Newton's laws. and the evolution of that system is

deterministic: giveninitial conditions. the future behavioris uniquely determined. Onthe othe
hand. quantum mechanicsintroduces inherentindeterminacy. A particle does not have a defini
position or momentum until itis measured. Instead. itis described by a wavefunction. which
encodes a probability distribution over all possible outcomes. The act of measurement collapse:

this wavefunction. resulting in a specificobserved value.

Classical mechanicsrelies on continuous variables and smooth trajectories in phase space. In
contrast. quantum mechanics uses discrete quantized energy levels and operates within a

probabilisticframework. governed by operators on Hilbert space and the Schrédinger equatior
While classical systems obey the principle of determinism and locality . quantum systems exhibit

phenomena like superposition. entanglement. and non-locality . which have no classical analoc

Moreover . classical mechanicsis intuitive and aligns with everyday experiences. whereas
guantum mechanics often defies intuition. requiring abstract mathematical tools and acceptir
that some aspects of nature are fundamentally unknowable. Despite their differences. classic:
mechanicsis actually a limiting case of quantum mechanics—itemerges naturally when dealing
with large systems or high energies where quantum effects become negligible. Thus. quantur
mechanicsis more fundamental and universal. with classical mechanics being an effective

approximationinthe macroscopicworld.
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Figy.v: Classical vs Quantum mechanics

Classical mechanics treats motion and energy as continuous. and systems evolve along smoott
trajectoriesinspace and time. Quantum mechanics. however. reveals thatenergyis quantized-
only specific. discrete energy levels are allowed. It also uses complex mathematical tools like

operators. matrices. and Hilbert spaces. along with the Schrédinger equation. to describe tt

evolution of systems.

Another major differenceis that classical physics adheres to local realism. assuming that object:
are onlyinfluenced by theirimmediate surroundings. Quantum systems defy this through
entanglement and non-local interactions. where particles can exhibit strong correlations eve
acrosslarge distances. Additionally. quantum mechanics introduces superposition. where
particles existin multiple states simultaneously. a conceptwith no classical counterpart.

Though quantum theory may seem abstract and counterintuitive. itis more fundamental—

classical mechanics turns out to be a special case of quantum mechanics. valid only when dealin
with large objects or systems where quantum effects are negligible. Thus. while classical physic
provides accurate predictionsin everyday scenarios. it fails at microscopic scales. where only

guantum mechanics can accurately describe the behavior of matter and energy.

In essence. quantum mechanics reshaped our understanding of reality. replacing certainty wi
probability. and introducing a new framework for describing the strange and fascinating worlc
thatlies beneath our everyday experiences.
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v. ¢ Quantum States and Measurement: Nature of Observation

Inquantummechanicsgaantum stateepresents the complete information about a system and
isepataldyy $eyildddyavefithetivatien thaegt idreqatuipdftiecodfinding the system in
various configurations. Unlike classical systems. quantum systems can exist in a
superposition of multiple states simultaneously. meaning a particle can be in many
possible states until a measurement is made. The measurement process in quantum
mechanics is fundamentally different from classical observation—it is not passive.
Instead. observing a quantum system collapses the wavefunction

to a single definite state. chosen probabilistically according to the squared
magnitude of the

wavefunction. This collapse is instantaneous and unpredictable. highlighting the
probabilistic

nature of quantum systems and the active role of the observer in defining the
outcome. The

peculiar nature of measurement leads to non-intuitive phenomena such as

WaggfoeatorecsfagRews that the act of measurementis not simply revealing a pre-existing valu
bodlig irefatimhed mtisnyfleertartconteited e Hue sy stese ahing sascopertiefanitsteatyfatiecthe spectru
trestasaliiities. and all other possibilities vanish upon observation. This nature of quantum
A f\fre@Net gRressiky as déstplyeRsn-intuitive effects such as quantum entanglement. where
or more particles share alinked state. If one entangled particleis measured. the state of its parti
isinstantly determined. no matter the distance between them—a phenomenon that baffled ev:

Einstein. whoreferredtoitas spooky action atadistance.

Furthermore. this interaction between observer and system implies that objective reality. as
understood in classical terms. does not always existindependently of observation. Instead. tf
observer plays an essential role in shaping the physical outcome. This shift from a deterministic
to a probabilisticand observer-dependent framework is what marks one of the most
fundamental departures of quantum mechanics from classical physics. The study of quantun
states and their measurement continues to influence modern fields such as quantum computin
guantum cryptography. and quantum teleportation. where the principles of wavefunction
manipulation and collapse are harnessed to perform computations and transmitinformation |

revolutionary ways.
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v.¢.) Overview of Quantum Systems: Electrons. Photons. Atoms

Qarachwomsysteimcbnsistofmicroscopic entities suclebsctronsphotons

all exhibit wave-particle duality and are governed by the laws of quantum mechanics. Electrons
though traditionally thought of as point particles. also behave like waves. This wave nature is
responsible for phenomena like electron diffraction and atomic orbitals. Photons are the quantu
particles of light: they have no rest mass and always move at the speed of light. displaying both
energy quantization (in packets called quanta) and wave-like behavior such as interference.
Atoms are more complex quantum systems made of electrons orbiting a nucleus. In quantum
mechanics. these electrons occupy discrete energy levels or orbitals. and transitions betwee
levelsinvolve absorption or emission of photons with specific energies. All these systems
demonstrate uniquely quantum effects such as superposition. entanglement. and tunneling—
of which can be explained using classical physics. These systems form the foundation of moderr
technologies such aslasers. semiconductors. quantum dots. and quantum computers.
Electrons. despite being considered point-like particles in classical physics. reveal a wave-like
character atsmall scales. afact made evident by experiments such as electron diffraction. Their
dual nature allows them to form standing wave patterns around atomic nuclei. known as orbital
which determine the structure of atoms and molecules.

Photons. onthe other hand. are massless quantum particles of electromagneticradiation. Th
always travel at the speed of light and carry energy proportional to their frequency. as describec
by E=hv. Their wave-particle duality manifests in phenomenallike interference and the
photoelectric effect. Photons can also become entangled. making them importantin quantu
communication and cryptography. Meanwhile. atoms are composite systems made of nucle
surrounded by electrons. In a quantum view. electrons do not orbitin classical trajectories bu
instead occupy quantized energy states. transitioning between them by absorbing or emittin
photons of discrete energy.

Each of these systems—electrons. photons. and atoms—exhibit hallmark quantum behavior
including superposition (being in multiple states at once). entanglement (non-local correlatio
between particles). and quantum tunneling (the ability to cross classically forbidden barriers).
These phenomena cannot be explained using classical physics and require the probabilistic.
wave-based framework of quantum theory. Understanding these quantum systems is critic:
because they are the foundation of modern quantum-enabled technologies. Innovations such
semiconductors. quantum sensors. lasers. MRImachines. LEDs. and quantum computers all r
on manipulating the quantum properties of these particles. As our ability to control these syster
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improves. their rolein computation. communication. and sensing will only grow more significa

inthe future of science and technology
v.o The Concept of Quantization

Quantization lies at the heart of quantum mechanics. fundamentally changing our
understanding of nature. Unlike classical physics—where properties such as energy
or momentum can vary continuously—quantum mechanics shows that many physical
guantities are restricted to discrete values. This conceptwas introduced to resolve the
inconsistencies observed in classical models. such as the blackbody radiation
problem and the photoelectric effect. where the observed results could not be
explained without assuming that energy comes in discrete packets called quanta.
Max Planck and Albert Einstein were among the pioneers who proposed that light and
energy

must be quantized to align with experimental data. setting the stage for a new
theory of matter

and energy.

Quantization is a core principle of quantum mechanics that states certain physical

guantities.

like energy. angular momentum. and charge. can only take on discrete values.
rather than any

value within a continuous range. This idea is radically different from classical

physics. where

s#ch quantities can vary smoothly. The earliest evidence for quantization came from
the

blackbody radiation problem and the photoelectric effect. which were explained by

assuming

that energy is emitted or absorbed in discrete units called quanta. In atoms.
electrons canonly

exist in specific quantized energy levels. and transitions between these levels

resultinthe

emission or absorption of photons with fixed frequencies. Quantization is also seen
insystems

like the harmonic oscillator. where energy levels are separated by fixed intervals.

This discrete

nature of quantum systems is mathematically expressed using operators with
eigenvalues 24

corresponding to observable quantities. Quantization is what gives rise to atomic

spectra. the
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Figy.A:The Concept of Quantization

In atomic systems. quantizationbecomes especially evident. Electronsin atoms cannot occupy
arbitrary energy levels: instead .theyare found only in certain allowed states. When an electror
transitions between these levels.itabsorbs or emits a photon with a specific frequency. giving
rise to the spectral lines seen inemission and absorption spectra. This phenomenonis responsi
for the stability of atoms andtheunique identity of elements. Similar principles apply to
rotational and vibrational statesofmolecules. which are also quantized and form the basis of
various spectroscopic techniques.

Quantization is not limited to energy. Angular momentum. spin. and even electric charge car
alsobe quantized. leading to surprising consequences in both microscopic systems and
macroscopic quantum phenomena like superconductivity and quantum Hall effects. The
mathematics of quantization involves solving operator equations. where only certain values
(called eigenvalues) correspond to physical observables. This discrete nature of reality is not just
amathematical curiosity—it underpins the structure and behavior of matter atthe most
fundamental level.

Understanding why quantum mechanics is essential goes beyond explaining atomic structure-
itisaboutembracing a radically different view of reality. Classical physics fails to explain
phenomena like entanglement. superposition. and tunneling. all of which are routinely observ
in quantum systems. Quantum mechanics accounts for these behaviors through a probabilist
and non-deterministic framework. where the act of measurement plays a crucial rolein
determining outcomes.
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Moreover. quantumtheoryis notjust atheoretical success: it has practical . transformative

applications. Technologies such as semiconductors. lasers. magnetic resonance imaging (MRI
LEDs. and atomic clocks are direct outcomes of quantum principles. Even more revolutionary
are the emerging fields of guantum computing. quantum cryptography. and quantum sensir

which promise to outperform classical technologiesin speed. security. and sensitivity.

In essence. quantum mechanics is not just a scientific necessity—it is a technological
enabler. It reshapes our understanding of the universe and opens new frontiers in
computing. communication. and materials science. Studying quantum concepts is
therefore not only vital for physicists. but also for engineers. computer scientists. and
innovators of the future.

v.1Why Quantums

Quantum mechanics is not just a theoretical breakthrough in physics—it marks a
radical shift in how we understand and interact with the universe at the most
fundamental level. Traditional classical theories fail to explain the behavior of
microscopic particles like electrons. photons. and atoms. Quantum theory fills this
gap by accurately describing the probabilistic and non- deterministic nature of such
particles. Its predictions have been experimentally verified with extraordinary
precision. making it a cornerstone of modern physics. More importantly. quantum
mechanics forms the foundation for transformative advancements in technology.
computing. and security. answering both scientific curiosity and real-world
ehallSwgaegic Significance

The strategic value of quantum technologies is increasingly recognized by
governments and industries worldwide. Quantum computing. for instance. has
the potential to break classical encryption methods. posing both risks and
opportunities for national security. Similarly. quantum communication promises
ultra-secure information transfer using Quantum Key Distribution (QKD). which is
theoretically unbackable. Nations are investing heavily in quantum research to
ensure leadership in this frontier domain. as it offers a significant edge in defence.
surveillance. intelligence. and cybersecurity. As a result. mastery of quantum
technologiesis becominga

GBS AT SNSRI TATRIRG MY RN Ry PSRiAGERSIARR! missions. and forming

alliances to stay competitive in this field. The ability to control and implement quantum systems
willinfluence power dynamics globally—shaping military capabilities. intelligence operations.

26



and securedigital infrastructure. As aresult. expertisein quantum scienceis fast becoming a

determinant of geopolitical and economic strength.

v. 1.y Scientific Significance Quantum mechanics stands as one of the most profound

scientificachievements of the v.th

century. dramatically expanding our understanding of the physical world.
Scientifically. quantum

mechanics has revolutionized our understanding of nature. It explains phenomena

that classical

physics cannot. such as superconductivity. quantum tunneling. and the behavior of
particlesin

extreme conditions. Quantum theory has also laid the groundwork for fields like

quantum

chemistry. condensed matter physics. and particle physics. It enables the modeling

of complex o _ _ '

Quantum theor%allows scientists to model atomic and subatomic systems with remarkable
systems with 'high accuracy. leading to discoveries in materials science.
precision. leadingto the discovery of new materials and deeper insights into the behavior of

rrtedesha @lesyand

fundamental physics. Beyond practical uses. quantum mechanics continues to

challenge oyr
) .1.vTe9hnoLiogica| Significance

philosophical notions of reality . causality. and measurement. making it a profoundly

Quantum technologies are poised to bring transformative changes to the

richareao . '
techno oglfcal landscape. Quantum technologies are set to redefine the future of

ggr%%ilr} %i%%r‘]tcig%rr]n%rlmwation‘ sensing. and imaging. Quantum computers can solve
certain classes of problems exponentially faster than classical computers. with
potential applications in drug discovery. optimization. machine learning. climate
modelling. and logistics optimization. Quantum sensors can measure time. magnetic
fields. and gravitational forces with unprecedented precision. useful in GPS systems.
medical diagnostics. and geological surveys. Meanwhile. quantum cryptography
offers solutions

for secure digital infrastructure. These innovations are not distantdreams—they are
alreadyin

early stages of development. and their practical impact is beginning to emerge.
setting the stage

for the nexttechnological revolution.

In communication. quantum encryption could underpin a new era of ultra-secure
digital

infrastructure. These applications. once theoretical. are now transitioning into real-
world pilots

and commercial prototypes—marking the beginning of a new age where quantum

mechanice



v.vASnapshot of Quantum Technologies: Computing. Communication. and Sensing

Quantum technologies are at the forefront of a technological revolution. harnessing
the unique and counterintuitive principles of quantum mechanics—such as
superposition. entanglement. and quantization—to build revolutionary tools that
far surpass the capabilities of their classical counterparts. These technologies are
being developed across three primary domains: quantum computing. quantum
communication. and quantum sensing. each offering transformative potential for

science. industry. and society everyday life.
Quantum Computing is perhaps the most well-known application of quantum mechanics.

Unlike classical computersthat process informationin binary bits (- or ). quantum computers
use quantum bits or qubits. which can existin superpositions of - and 1. This allows quantum
computers to perform many calculations in parallel. enabling them to solve certain problems—
like factoring large numbers. simulating molecular behavior. or optimizing complex systems—
exponentially faster than classical machines. Although stillin early stages. companies and
research institutions are racing to achieve quantum advantage.  where a quantum compute
outperformsthe best classical supercomputers on useful tasks.

Quantum Communication focuses on the secure transmission of information using quantum
phenomena. The most notable technique is Quantum Key Distribution (QKD). which allows
two partiesto share a cryptographic key with security guaranteed by the laws of physics. Ifan
eavesdroppertriestointerceptthe key. the quantum stateis disturbed. alerting the communic:
parties. Quantum communication can also involve quantum teleportation. where the state of a
particleistransferred instantaneously over a distance. using entanglement. As global digita
infrastructurebecomes increasingly vulnerable. quantum communicationpromises
unprecedented levels of security for sensitive data.

Quantum Sensing exploits the extreme sensitivity of quantum systems to environmental
changes. enabling measurements with unprecedented precision. Quantum sensors can det
minute variations in gravitational fields. magnetic fields. acceleration. and time. Application:
range from medical diagnostics (e.g. . highly sensitive brain scans using quantum
magnetometers). to underground exploration. to navigation systems that do not rely on GPS
Atomic clocks—among the most accurate devices ever built—are based on quantum transitions
and are crucial for global positioning and timekeeping systems.
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Together. these quantum technologies are notisolated innovations—they are part of a rapid|
evolving ecosystem thatis expected to reshape the technological landscape in the coming
decades.

Asthese technologies mature. they will not remainisolated solutions but will become deeply
integrated into a wide range of applications. Quantum computing could redefine how we solve
scientificand industrial problems. Quantum communication may establish new standards o
digital security. Quantum sensingis settoimprove how we measure. observe. and navigate th
world. Together. these advances signal a shift toward a new era of quantum-enhanced innovati
thatwill shape the future of multiple sectors including finance. defense. transportation. healtl
and information technology

v.ANational and Global Quantum Missions

As quantum technologies emerge as a critical area of innovation and national
interest. several countries have launched ambitious quantum missions to secure
strategic and technological leadership. These initiatives aim to develop quantum
computing. communication. and sensing capabilities through coordinated
investments in research. infrastructure. and talent development. India. along with
major global powers like the USA. China. and the European Union. is actively

buildingits presence in the quantum landscape.
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Figy.a : Global commitmentto accelerate quantum for society solutions
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aroundthe world

China leads in quantum communications. lags behind in computing (where the
United States excels). and matches the United States in sensing. excelling in

market-ready tech. whilethe United States dominates high-impact areas.

v.A.vIndia’s National Quantum Mission (NQM)

Indiatawnttha 8 itd et afitalQ uraarturen Mission

GRPQY A8 TheHI RN seeks to position Indiaamong the

top quantum nations by developing indigenous capabilities in quantum computing. quantum
communication. quantum sensing. and quantum materials. It aims to establish four Thematic
Hubs (T-Hubs)inleading academic and research institutions focusing on foundational
technologies. The NQM also plans to build intermediate-scale quantum computers (with o .-
\+++ qubits). develop quantum key distribution networks. and promote workforce training and
international collaborations. The mission aligns with India’s larger vision of self-reliancein
strategic technologies and aims to boost national security . telecommunications. and advance
research.
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\.A.Y European Union (EU) Quantum Flagship

The BbhQubitiiom klagehipinitiative launched in v+ yato unify Europe’s

fragmented quantum research landscape. It supports hundreds of research
institutions. startups. and industries across member states. The program focuses
on four main areas: quantum communication. quantum simulation. quantum
computing. and quantum metrology. The EU also promotes infrastructure projects
like the European Quantum Communication Infrastructure (EuroQCI. which aims to
establish a secure pan-European quantum communication network. This mission
reflects Europe’s intent to compete globally while fostering innovation. industrial
adoption. and academic excellence in quantum science.
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v.A.¥United States: National Quantum Initiative Act

The tbriteal Sed#squantumstrategy with the National Quantum Initiative Act
passediny-\a. This act coordinates efforts across government agencies. including the
Department of Energy (DOE). National Science Foundation (NSF). and National
Institute of Standards and Technology (NIST). with significant funding and
collaboration with private sector leaders like IBM. Google. and Microsoft. The
National Quantum Coordination Office oversees these efforts. focusing on quantum
research. technology transfer. education. and the creation of quantum research
centers. TheU.S. aimsto maintain its technological leadership.

secure supply chains. and harness quantum advantages for national security.
scientific progress.

and economicgrowth.
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Figy. r: USAmustdominate quantum technology

v.A.¢ China: Quantum Strategic Advantage

Bhshemerged asaglobal leader inquantum technology through sustained state-led
investment and rapid deployment. It has achieved several milestones. including
launching the world’s first quantum communication satellite (Micius) and
demonstrating satellite-based quantum key distribution over thousands of
kilometers. China also leads in building a nationwide quantum communication
backbone network. connecting major cities through ultra-secure fiber links. The
Chinese government has reportedly invested billions of dollars in quantum R&D. and
projects like the National Laboratory for Quantum Information Science

in Hefei aim to consolidate China’s dominance in this space. China views quantum
technologies

as essential to future economic and military competitiveness. 32
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These missions reflect a global “quantum race”. where nations recognize that
guantum supremacy could redefine cybersecurity. artificial intelligence. defense.
and economic structures. International collaboration. balanced with strategic
competition. will shape the trajectory of quantum innovation in the coming decades.
with each nation seeking to leverage quantum breakthroughs for economic growth.

defense strength. and scientific prestige.
Reference : https: //tifac.org.in/images /nmqta /concept__noteyy. 1.4 pdf
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SYLLABUS

Unity

Theoretical Structure of Quantum Information Systems

What is a qubits Conceptual understanding using spin and polarization.
Comparison: classical bits vs quantum bits. Quantum systems: trapped ions.
superconducting circuits. photons (non-engineering view).Quantum coherence
and decoherence - intuitive explanation. Theoretical concepts: Hilbert spaces.
guantum states. operators - only interpreted in abstract. The role of
entanglement and non-locality in systems. Quantum information vs classical

information: principles and differences. Philosophical implications: randomness.
determinism. and observerrole
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v.+ Introduction

Quantum Information Systems represent a transformative approach to
computation and communication. fundamentally leveraging the principles of
guantum mechanics to process and transmit information. At the heart of these
systems lies quantum theory. which introduces novel concepts such as
superposition. entanglement. and quantum measurement. radically differing

fromclassicalinformationtheory. 4.uum
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Figy.) : Quantum Information Systems

In contrast to classical bits that exist in a definite state of . or \. quantum bits or
qubits can exist in a superposition of both states simultaneously. This
characteristic allows quantum systems to perform parallel computations.
offering exponential speedups for certain classes of problems. The theoretical
foundation of Quantum Information Systems is built upon:

v. Quantum Mechanics: Core principles such as wavefunction. unitary evolution. and
measurement theory form the basis forinformation processing in quantum systems.
v. Qubits and Quantum Gates: Analogous to classical logic gates. quantum
gates manipulate qubits using unitary operations. enabling the construction of
quantum circuits.
v. Quantum Entanglement: A uniquely quantum phenomenon where the
states of two or more qubits become interdependent. regardless of spatial
separation. enabling powerful communication and computation protocols.
¢. Quantum Algorithms and Complexity: Algorithms such as Shor’s for factoring and
Grover'sforsearchillustrate the advantages of quantum computation over classical
approaches.
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o. Quantum Error Correction: Due to the fragile nature of qubits. robust error
correction techniques are essential for practical and scalable quantum
1. computing. Quantum Communication: Protocols like quantum
teleportation and quantum key distribution exploit entanglement and

superpositionto enable secure information transfer.

The study of these theoretical structures not only lays the groundwork for
guantum computing and quantum cryptography but also contributes to the
understanding of informationitselfin a fundamentally new light.

v.\. Whatis a qubits

A qubit. or quantumbit.is the fundamental unit of information in a quantum
computer. Unlike a classical bit.which can be either . or y. a qubit can exist in a
superposition of both states simultaneously.represented as |+>. [\>. or any
complexlinear combinationaj:> + By >«

where a and B are complex probability amplitudes. This superposition allows
quantum

systems to process vast amounts of information in parallel. enabling certain
computationsto

be executed exponentially faster than their classical counterparts. Qubits can
also exhibit /]

entanglement. a uniquely quz?tufﬁ'b é'ﬁWon where the state of one qubit is

dependenton y Wi
the state ofanother. regardléss ofthe )él’nce béTtween them.

Figy.v: Quantum Qubit

This allows for highly correlated systems that are essential for quantum logic
operations. Another key property is quantum interference. which enables
quantum algorithms to amplify correct computational paths while canceling out
incorrect ones. Qubits are extremely delicate and susceptible to noise. so
maintaining coherence—the time over which a qubit retains its quantum state—
is @ major challenge. Various physical systems can be used to realize qubits.
including superconducting circuits (used by IBM and Google). trapped is%ns
donQ). photons



(PsiQuantum). quantum dots. and NV centers in diamond. Each technology
comes with trade- offs in terms of gate speed. error rates. scalability. and
environmental requirements. A qubit must be initializable. controllable via
guantum gates. measurable. and able to participate in entangling operations.
Typically. multiple physical qubits are needed to form a logical qubit that is
protected by quantum error correction codes. due to the inherent instability of
guantum states. These logical qubits serve as the robust foundation for large-
scale. fault-tolerant quantum computation. Qubit manipulation is performed
using finely

tuned pulses of microwave. optical. or radio-frequency energy. depending on the
implementation. The Bloch sphere is often used to visually represent a qubit’s
state. where

the poles correspond to |-> and |\>. and any point on the sphere’s surface

representsa

superposition. Reading a qubit’s state involves a measurement. which collapses
the qubitinto

one of the basis states (- or ) probabilistically. determined by |a|* and |B|*. This

collapseis

irreversible. and thus. quantum information must be processed carefully before
measurement.

Qubits are the heart of all quantum algorithms. including Shor’s factoring

algorithm and
Grover’'ssearch algorithm.
The power of a quantum computer scales not linearly but exponentially with the

number of

cahegnbptaalangestantingesingakinant inridaiaurely powerful for problems
KValng [2sH¥Em bit is the fundamental unit of quantum information.
SERETRASHS (RAvE ARinG SRR fligh fidelive fealpblsiouiitsyshmsdsianR of
thegseatds—typically labeled |-> and |v>. To develop a deeper conceptual
eRgiEreesid) sl adergeso baantifech Swraemiguaet prmsysiinseainge fiema@ faw

E)Org(r:hvl%rer%t physical systems: spln and polarization. These systems provide

m'“{ndtlvea des‘lés t'ﬁt uéll%lgg ?a| teEJOr%%rsaunatl gruoapnér ies oc%mBIlthter will require
mHISPReMs a qubit can be described by a linear combination of the basis states |*>
gggﬁl\%gwtscepﬁrﬁmg heYeEARY3 dPETRISOIERPABRIEI3LICA WRHS dRTEP

E)X rﬁysmal realization of a qubit is the spin of a spin-\ /v particle. such as an

ee%tr%%mand sophisticated hardware. control electronics. cryogenics. and
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guantum software
stacks. Ultimately. a qubitis not just a data unit—itis a gateway to an entirely new
computational paradigm governed by the laws of quantum mechanics.



Inthis model. the state |- > correspondsto spin-up and |y corresponds to spin-down along
chosen axis. usually the z-axis. However. due to the principles of guantum mechanics. the
spinvector can pointin anydirection on the Bloch sphere. aunitsphere used torepresental
possible pure states of a single qubit. The north and south poles represent the classical state
|>and 1> . while every other pointon the sphere represents a superposition of those states
A qubitcanalso berealized using the polarization states of a single photon.

Inthis model. horizontal polarization (H>) canrepresent |. > and vertical polarization (V>)
canrepresent|\>. Aphoton. like the electron. can existin a superposition such as diagonal
polarization (D>). whichis an equal superposition of |H> and |V . Circular polarizations
represent other types of superposition states involving a phase difference. These models
demonstrate that a qubitis fundamentally a two-level quantum system. where measureme
collapses the state into either |- > or 1> with probabilities determined by |aj>and | B?.
Quantum mechanics does not allow simultaneous knowledge of certain properties: hence
measurement changes the systemirreversibly.

Inthe spin model. qubit states can be manipulated using magnetic or electricfields torotate
the spinvector onthe Bloch sphere. In the photonic model. wave plates or other optical
elements change the polarization state. These manipulations correspond to quantum gate:
such asthe Pauli-X (bit-flip). Y. Z. Hadamard. and phase gates. The power of a qubit arises
notonly from superposition butalso from entanglement. where two or more qubits share
correlations that cannot be explained classically. This allows for nonlocal interactions used
in quantum communication and computation.

Inboth spin and polarization models. the quantum state is described by avectorina
complex Hilbertspace. with global phaseignored and only relative phase between
components being physically meaningful. The coherence of a qubitreferstoits ability to
maintain superposition over time without environmental disturbance. Decoherenceisamaj
challenge in practical quantum computing. as noise and interaction with surroundings car
rapidly degrade quantum information.

Spin qubits are typically operated in cryogenic environments using silicon or
superconducting materials. while photonic qubits are usually manipulated atroom
temperature using precise optical equipment. Each qubit platform has trade-offsinterms o
coherence time. gatefidelity. connectivity. and scalability. The choice of using spin or
polarization depends on the application and experimental capabilities.

Conceptually. both modelsillustrate the essential features of qubits: quantum superpositio
probabilistic measurement. unitary evolution. and the possibility of entanglement. The Bloc
sphereremains a universal visual tool to understand qubit dynamics regardless of
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implementation. Whether encoded in spin or polarization. a qubitis not merely a probabilist
bit—itis adynamic. coherent. and entangled entity governed by the laws of quantum
mechanics. Mastery of these foundational models is essential for advancing quantum

computation and quantum information science.
Qubits as Spin-\ /v Particles
Consider an electron. which has anintrinsicangular momentum called spin. Aspin-\ /v

particle like an electron can be oriented in two fundamental states: spin-up (| T >)and sp
down (| { ». often mappedto|-> and 1> respectively. But unlike a classical magnet that
up ordown. the electron's spin can also pointin any quantum superposition of these twic
directions. Mathematically. thisis written as:

> =aT>+Bjd>.

where aand B are complex numbers such that jaj®+|B*= .

This meansthe electronisn’t just pointing up or down—it’s in both states simultaneousl
until measured. Ifyou try to observe the spin. the quantum state collapses to either| T > or .

probabilistically.
Visualization: The Bloch Sphere

The state of a qubit can be visualized onthe Bloch sphere. a D unitsphere where:

* Northpole=|+>=spin-up

* Southpole=|1) =spin-down

* Anypointon the surface - superposition state

Spin qubits can ‘rotate' around this sphere under the influence of external
magnetic or electric fields. corresponding to quantum gates in computation. This
visualization helps show that quantum information is not binary but geometrically

continuous.
Qubits as Polarized Photons
Another intuitive system uses photons—particles of light—which can have

i A 2H{7RHR I G AR Ppton can be-

* Vertically polarized (V> = »)

But photons can also existin any superposition of these polarizations:

. Forexample‘diagonalpolarization(|D>)=(|H>+|V>)/fw

»  Orcircular polarization = (H» £i|V>) /v ¥

Again. before measurement. the photon's polarization exists in a blended quantum state

Measurementforces the polarization into one basis (horizontal or vertical). collapsing the
superposition.
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These models show how quantum systems store information in probability
amplitudes. not fixed binary values. In both spin and polarization. the
orientation of a quantum state represents complex. continuous data. This allows
qulgtgplerpastitipatabidingmonigple ikssibilities

+ Entanglement-correlation across distance

+ Interference-cancellingand amplifying quantum paths

Together. these principles make qubits profoundly different from classical bits and give
guantum computers their potential to solve certain problems exponentially faster than
classical machines.

Inessence. whetherit's the spin of an electron or the polarization of a photon. a qubit encods
informationin a directional quantum state that exists in a high-dimensional complex space—
subjectto the rules of quantum mechanics rather than classical determinism. Thisis the core

conceptualleap required to understand how qubits power quantum computing.

v.v. Comparison: classical bits vs quantum bits

Aclassical bitis the basic unit ofinformation in traditional computing systems and can
exist in one of two definite states: : or v. These states are deterministic and mutually
exclusive: a bit is always either in state . or in state \ at any given time. Classical bits
are implemented physically using systems like voltage levels in transistors. where
high voltage may represent v and low voltage represents .. All classical logic
operations. such as AND. OR. and NOT. operate on these binary states according to
Boolean algebra. In contrast. a quantum bit or qubit is the fundamental unit of
information in quantum computing. and it exhibits fundamentally different
behaviourdue 10)

toquantum mechanicalpr&cigles. e

@1 1)

Classical Bit Qubit
Figy.r: ClassicalBit Vs Qubit

Aqubitcan existin asuperposition of the basisstates|-> and |y> . meaningitcan representboth
+and  simultaneously untilitis measured. Thisis represented mathematically as | > - qa|+> +
B|\> < where aand 3 are complex probability amplitudes. When a qubitis measured. it collapse:s

toeither|-> or |\> with probabilities || and |B|*. respectively. Unlike classical bits. qubits can

40



also be entangled with one another. such that the state of one qubitis correlated with the state
another no matter how far aparttheyare. afeature with no classical analog. While classical bits
requirelogic gates like AND and XOR for computation. quantum bits require quantum gates like
the Hadamard. Pauli. and CNOT gates. which operate through unitary transformations and
preserve quantum coherence.

Classical systems are built from large numbers of interconnected bits processed by deterministi
logic circuits. while quantum systems use small numbers of qubits arranged in quantum circuits
with interference and entanglement used to perform computations. Classicalinformation s
copied. erased. and transmitted freely. but quantum information cannot be cloned duetother
cloningtheorem. and measurementirreversibly disturbs the qubit state.

A classical computer’s power scales linearly with the number of bits. while a quantum
computer’s information space scales exponentially with the number of qubits due to
superposition. Physically. classical bits are robust and implemented using
macroscopic devices like transistors. whereas qubits are delicate and realized using
microscopic systems like electron spin. trapped ions. superconducting circuits. or
photon polarization. Qubits require isolation from the environment and error
correction schemes to preserve quantum coherence. while classical bits operate
reliably under standard thermal and electrical conditions. In terms of logic. classical
computation is governed by Boolean algebra. while quantum

computationis governed by linear algebra over complexvector spaces.

Classical algorithms run in deterministic or probabilistic modes. while quantum
algorithms

leverage amplitude amplification. entanglement. and interference to outperform

classical
counterparts in specific problems. Finally. while classical bits provide the backbone of
allmodern

gpﬁmaﬂgrr]l&‘mtshyestgr%télt is the cornerstone of quantum computing and offers

fHW%&%\Uﬂng‘informatipn is stored and manipulated using qubits. which
WY 8LRERGeTAINSLARA ENFRY LIch N IRIHE Y HIAT BN AN AP ST GHAREHM

mechanical . .
mechanics. Three of the most widely explored platforms are trapped ions.

Ensg&rgﬁgading circuits. and photons. Each system represents a different way to
harness quantum phenomena. and each comes with its own advantages and

challenges.

41



v.¢.v. Trappedions
Trapped ion systemsuse individual atoms—usually of elements like ytterbium or

calcium—as qubits. These atomsare ionized. meaning one or more electrons are
removed. giving the atom an electric charge. Onceionized. they are held in place
using electromagnetic fields inside a vacuum chamber. These “traps” keep the ions
suspended in space and isolated from external interference. The qubit states are
stored in the internal energy levels of the ion. similar to how an atom’s electrons can
jump between different energy shells. Alaser can be used to switch the ion between
these levels. allowing scientists to prepare. manipulate. and measure the quantum
state of theion.

For example. a laser tuned to a specific frequency can make the ion absorb energy
andjumpto

an excited state (|y»). or emit energy and fall to a ground state (|->). By carefully
adjusting the

laser. theion canalso be placedin asuperposition of both states.

Entanglement between ions is achieved by linking their motion in the trap—when one

ion moves

slightlg due to as%.r action. it affects others. This interaction is used to create

y..v. Superconducting Circuits

guantumgate.s ) ) ) . ) . .
upercon u_ctlnfg_ qubits are built using tiny electrical circuits made from materials
etweeﬂ_%alrso |ons‘gllow|n for guantum com utanns.Tragped ion systems are

that exhibit superconductivity—they conduct electricity without resistance when

588% ff’({ gxtremely low temperatures (close.to absplute Z€ro). The circuits. are
BRI REEFLIUR IR R0 P ERRYISRST A MSCNEFN N FHPLE FEN LRI RIG T efe ety

!‘ﬁg%g. The two basic states of the qubit (|- > and |1)) correspond to different current
ﬂg\C\?st Igrn \Sléi/'gahé%hclgﬁ]ciugclﬂ?’!‘:\ft?cgrrmglgﬁt%ﬁecgilrcgd?tt.@r?ﬁése states are not continuous like in
classical electronics. but quantized. meaning the circuit can only exist in specific
energy states. Superconducting circuits often use a special component called a
Josephson junction. which allows quantum behavior such as tunneling and
superposition in the circuit. Quantum gates in this system are performed using
microwave pulses. which change the state of the qubit by interacting with it at
resonant frequencies. Superconducting qubits are fast—they

can perform operations in nanoseconds—but are more susceptible to noise and
decoherence.

which candisturb the fragile quantum states.

Despite these challenges. superconducting circuits are the basis of many large-
scale quantum

processors today. such as those built by IBM and Google. because they are scalable
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v.¢.v. Photons (non-engineering view)
Photonic quantum computing uses individual particles of light—photons—as qubits.

Photons are especially attractive because they travel at the speed of light. are
resistant to decoherence. and can be easily transmitted through optical fibers.
making them ideal for quantum communication as well as computing. In photonic
systems. qubit states can be represented using properties like polarization
(horizontal - |-> . vertical - |\ >« path (which of two possible routes the photon takes).
ortime-bin (early or late arrival). Superposition is naturally built-in: a photon can exist
in @ combination of both horizontal and vertical polarization. or take multiple paths
simultaneously. Photonic quantum gates are achieved using optical devices like beam
splitters. wave plates. phase shifters. and interferometers. which manipulate the
photon's path and polarization. Entanglement is produced using special nonlinear
crystals thatemitentangled photon pairs via a process called

spontaneous parametricdown-conversion.

Photons are non-interacting. which makes them stable but also makes multi-qubit
gates

challenging. Unlike ions and superconducting qubits. which can be held and directly
interacted

with. photons must be carefully synchronized and routed using highly precise

optical SL?BISSZ.'1: Summary of Trapped lons, Superconducting Circuits and Photons

Qubit .. . .
Hystmr. photohlc systems are gainingSteeartiosn for quantunchaitargédng . secure
o Representation = | .
communication [(quantum key distribution). and measurement-based quantum
Energy levels of | Long coherence, high Slaperation, complex
chrepnednens atoms L iy
fidelity vacuum setups Sensitive
Superconducting Quantized Fast gates, scalable to noise, short
Circuits current/voltage hardware coherence times
Polarization, path, | High stability, ideat for Difficuit mufti-qubit
Photons . |
time-bin communication operations

Each quantum system embodies a unique way to realize the abstract concept of a
qubit using the laws of quantum physics. While they differ in implementation. they all
serve the same goal: to harness quantum superposition and entanglement to
perform computations far beyond the reach of classical machines
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v.o. Quantum coherence and decoherence - intuitive explanation
Quantum coherence is the property that allows a quantum system—Ilike a qubit—to existin a

superposition of multiple states at once and retain the phase relationships between them. Iti
what makes quantum computing fundamentally different from classical computing. Imagine
qubitlike awave. nota particle. In superposition. the wave has components corresponding t
and |v>. These components interfere with each other—constructively or destructively—basec
their phase. whichis like the position of the wave's crest. This interference is critical to the pov
of quantum algorithms. which manipulate these wave-like states to amplify the right answer:
cancel outthewrongones.

For example. think of a swinging pendulum: if no one touchesiit. it swings back and forth
smoothly. Thatsmooth. predictable motionis like coherence. If someone suddenly bumps int
the pendulum orifthe air gets turbulent. the swinging motion becomes erratic or stops entirely
This disruptionis analogous to decoherence.

Quantum decoherence is what happens when a quantum system interacts with its environment
eveninthe smallestway. The system 'leaks'its quantum information into the environment.
losing its delicate phase relationships. The qubitis no longer a precise superposition of |- > and
|\> « butinstead behaves more like arandom classical bit. Mathematically. decoherence turns
pure quantum state (described by a wavefunction)into a mixed state (described by a probability
distribution). It's as ifthe quantum wave gets “blurred” by the noise from the outside world.
Anintuitive exampleis alaser beam (coherent light) versus a flashlight (incoherentlight). A
laser beam has all its light waves in perfect phase—clean. directed. and strong. Shineitona
surfaceandyou’ll see sharp interference patterns.

Aflashlight. onthe other hand. emits waves that are out of phase with each other—random
scattered. and blurred. The transition from alaser to a flashlightis like a qubit going from a
coherent superposition to a decohered classical mixture.

Coherencetimeisthe amountof time a qubit remainsin this delicate superposition before
decoherencesetsin. Preserving coherenceis essential for reliable quantum computation. That
why quantum processors are keptin ultra-cold environments. shielded fromvibration. radiatio
and electromagnetic noise. Thelonger a system can stay coherent. the more complex calculatic
itcan perform.

Inshort. coherence iswhat enables quantum magic—superposition. interference. and
entanglement. Decoherenceis what destroysit. collapsing the quantum world back into classic
reality. Managing this balance is one of the central engineering challengesin building a practica
quantum computer.
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v.1. Theoretical concepts: Hilbert spaces. quantum states. operators - only
interpretedin

abstract.

v.1.\. HilbertSpaces: The Abstract Arena of Quantum Mechanics
A Hilbert space is an abstract vector space equipped with an inner product. forming

the foundational mathematical setting for quantum theory. It is not a space we can
visualize geometrically like the familiar vD world. but instead a complete. normed.
complex space in which quantum states reside and evolve. Each quantum system is
associated with its own Hilbert space. whose dimensionality corresponds to the
degrees of freedom in that system. Vectors in this space represent possible states of
the system. and combinations of them—called superpositions—are also valid states.
The notion of length (norm)and angle (inner product)

allows for a geometric understanding of probabilities and interference in quantum
mechanics.

Hilbert spaces enable us to speak rigorously about orthogonality (mutually exclusive
outcomes).

normalization (probabilisticcompleteness). and basis (representation of any state).
Every observable quantity in quantum mechanics. like position. momentum. or spin.

is described

by an operator acting on this space. Measurement corresponds to projecting a state
vector onto

an eigenbasis of such an operator. and the inner product gives the amplitude (and

square gives

Metpesbhabidabtonatseafiddoecorpacemlike classical spaces where a point defines a

Byfliaition

Sthiioeirt dpidioett spawthiais Hih és diceatiple tartd rppésevef @ vagbae thith andttees pidduct :

sstrdetRdssofl V>« | @> EHeczlangle seepsi|scephisczrangle sezin sczmathbb¢Cy  sczquad scifc
iR HecshARe | fernlbles M3t Hhysical intuitions and instead gives a rigorous.

ReNFiFbpRitRIRd

florikble framework for understanding all quantum phenomena. In essence. Hilbert

ﬁph;é’is{t[vel P> sl | |eckpsisirangle e | - scesqrtéacilangle scepsi| sk psiscirangley

abshoadrisiagtre where the play of quantum mechanics unfolds—containing all
R@ssibleralesy L | ¢pyaczlangle seepsi | .szphiscerangle - « sczRightarrow |sezpsiscirangle sczpe

4316 SEVRRPSERESI(QYQ LEioNS): RIMREEAHEWMEATYEINAREPcombination of an orthonorma
I'py>=%ici | i) |sekpsisczrangle -sc2sum__ic_i|isczrangle

Tensor Product (Composite Systems):
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v.1.v. Quantum States: Vectors of Possibility

Quantum states are the central carriers of information in quantum mechanics.
They are not physical objects. nor do they describe definite classical properties.
but instead encapsulate all possible outcomes and their probabilities for a given
system. Abstractly. a quantum state is a vector in a Hilbert space. denoted by a
ket |{>. This vector contains the full informational content about the system's
condition. Akey difference from classical systems is that quantum states can exist
in superpositions. meaning a system can be in multiple configurations
simultaneously until measured. The length (or norm) of the state vector is always
v« reflecting the certainty that the system exists somewhere within its
configuration space. A quantum state can’t be directly observed—only outcomes
of interactions (measurements) with it can. The probability of a measurement
yielding a particular result is determined by the squared magnitude of the
projection of the state onto that result’s basis vector. Quantum states can be

pure (described by a single vector) or mixed (statistical ensembles of pure states).
and systems

composed of multiple parts may exhibit entanglement. where the global state cannot
be factored

into individual subsystem states. This represents non-classical correlations unique
toquantum

theory. A state’s evolution over time is continuous and unitary. governed by the
Pure State:
Schrodinger ) .
Anormalized vector | Lp>EHg&{%pwej;rangleae{%ln@gigmathc_al%H%‘suchtha_t:_ o
equation. The concept of state is therefore both algebraic and probabilistic: it is a
ég’ >=\%ﬁal?ngleeg~4%p5| | sezpsiscerangle =

a
Su

nlst uct
Volve (r)r?étclﬁgr:natically butrevealsitself stochastically. It encodes both the dynamic
ploqt)e>r=1&all S+B Iy aBEC al v+ | B I y=1jxepsiccerangle -sczalpha|-sczrangle + sczbeta |yae

sepheta sciin scemathbbgCy .« set s al s Y + [pe2betal gy = )
an therﬁi{‘eaéﬁ‘rement-gagegirzelﬁy 8Ptﬂemquaﬁ um worl

MSﬁ%&r@gﬁ%Qﬁ‘?éBPé‘sbéH%ﬁon of Quantum States

Given observable with eigenstates | i>|isczrangle.

Pi=1 <i Iy | ¥P) = |sctlanglei|scepsiscirangle [

Mixed State (Density Matrix):

p=2ipi I Yi><Pi | Tr(p)=rseerho=scesum_ip_i|spsi__isxczranglesczlangle scepsi_i|. ssequad e
Entanglement Example:
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v.1.v. Operators: Abstract Machines Acting on Quantum States

Operatorsin quantum theory are the abstract mechanisms by which we interact with.
transform. and extract meaning from quantum states. An operator acts on avectorin
Hilbert space and returns another vector in the same space. modifying it in some
prescribed way. These are not just symbolic manipulations. but fundamental
descriptors of physical quantities and processes. Each observable—such as energy.
spin. or position—is associated with a Hermitian operator. whose eigenvalues
correspond to possible outcomes of a measurement. and whose eigenvectors
represent the states that produce those outcomes with certainty. Operators enable
the definition

of measurement. evolution. symmetry. and more.

The central evolution operator in quantum mechanics is the Hamiltonian. which

generatestime
evolution through the Schrédinger equation. Unitary operators describe reversible
evolution.

preserving probabilities. Measurement collapses a quantum state to one of the

eigenstates ofthe

operator corresponding to the measured quantity. Operators can be added.
composed. or

commuted—though commutativity is not guaranteed and plays a central role in

phenomena like

aeusnsct%cc‘c&lgté(cg{muple Inthis sense. operators encode both the algebraic structure

ofquantum
O.uaise | Y= | >ecthatOy| M&pswd‘ranig *_cuphlcurangle
mechanics and its phys |caI|nterpretab| hey act as abstract machines that probe.
HermltlanOperator( bservables):
Svolve and
o= e T (P | O | Py ERschat4Op = scihat4Opect cdagger. sczquad sczlangle sci psi

deflne,gI %HH]ItS of what can be known or predicted about a quantum system. Their
AEMma
powerli esm

igenvalue Equatio
Egt% transf%cllmalng states and revealing the symmetries and conservation laws of

Q. | @)=a | @>eczhat¢Op|ascirangle - ajascirangle
the quantum

Measurement Postulate:

world

ab|I|t tco
mat emati orma |sm 'of Operators Linear Operator O.xu..sc2hatgOp -

P@-1<al q)> | YP(a) = |scklangle a | scepsieczrangle s
Time Evolution (Hamiltonian HH):
ihddt | P> =H.wse | P> iscthbar scifracsdydty|pcapsiacirangle - ssehat¢Hy |sce psiheczrangle
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Commutator and Uncertainty:

@i B 8= Asiisc BB A= AAAB 2 ¥ ngh‘%@% B%% %I i
seihat¢Byacihat¢Ay sciRightarrow sciDelta A‘A@Del%eq@frac%\M%&%Iangle@y@hata@%‘
schat¢Bygzacrangle|

v.v. Therole of entanglement and non-locality in systems. Entanglementis a uniquely
guantum mechanical phenomenon in which the states of two or more subsystems
become inextricably linked. such that the state of each individual part cannot be
described independently of the others. When a system is entangled. the total state
exists in a tensor product Hilbert space. yet cannot be written as a product of the
states of its components. This leads to non-classical correlations. which defy
explanation by any theory based onlocal hidden variables.

Entangled states display non-locality. meaning that measurement on one part of
the system

instantaneously affects the state of the other. regardless of the spatial separation
betweenthem.

Importantly. this does not allow for faster-than-light communication. preserving
consistency with

relativity. but it reveals that quantum mechanics violates local realism. a principle

central to

classical physics. The consequences of entanglement and non-locality are profound.
formingthe

foundation of quantum teleportation. quantum cryptography. and the
exponential speedupin
guantum computing algorithms.

Bell’s Theorem and the subsequent experimental violations of Bell inequalities

demonstrate that

no classical interpretation. relying solely on local hidden variables. can reproduce the
statistical

predictions of quantum mechanics. Entanglement is not just a curiosity—it is

E}Panc?\igr%getgcgl Description of Entanglement
E%f)%'fgﬁ?eiW&&GEH@EH?EOfma“O” theory. It enables tasks like superdense coding.

WB,eretWO . . ,

AI |part||t§_state|sbseparable_|f|tdcan_bewr||ttenas: oit if shared I

classi its can be transmitted using only one quantum bit if shared entanglement

I L|§>,&%= I c]s>>/§2<) I x>%|ag~{zps£yg%rang9e_%XB§e=|§¢{,%pnir@;5rang|e_£aezo%mes SR C elf;;;u&rangle_

EXiENgltalEtate

plays a critical role in quantum error correction and maintaining coherence across
distributed 48
quantum systems.

The phenomenon challenges our classical notions of separability and locality.
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Astateis entangledifitcannotbe written as atensor product:

| WS>AB# | $p>A® | x>B|¢Q&Psi¢@rangle_%AB§ee@%neq |¢gggphi¢g&rangle_Af;gggotimes |¢gggchiag~gzra
Example: Bell State

L@y v L e+ 1 ))|peePhisgsc+eczrangle - seafracg \ péacsqrg vy sctleft(| - -oczrangle + eceran
This state is maximally entangled — neither qubit has an individual state.

Bell’sInequality and Non-Locality

BellInequality (CHSH form):

Classical correlations obey the inequality:

| E@.b)+E@"b)+E@.bH-E@’:b") | <vE@.b)+E@' b)+E@.b")-E@' b)) xileqy

Quantum mechanics can violate this bound. achieving up to yvyseesqrt£ vy . indicating non-local
behavior.

Applications of Entanglement

. QuantumTeleportation: Transmitting an unknown quantum state using entanglementa
classical communication.

. Quantum Key Distribution (QKD): Ensures security via entangled photons (e.g. . BBMay
protocol).

. Quantum Computing: Entanglement enables exponential state space and non-classice
gates(e.g.. Toffoli. CZ).

v.A. Quantum information vs classical information: principles and differences.
Quantum information differs fundamentally from classical information. notonly in its
storage and transmission but in the very principles that govern it. Classical
information is based on bits— binary digits taking values . or \—processed by
deterministic or probabilistic operations following Boolean logic. In contrast.
quantum information is encoded in qubits. which can existin superpositions of - and »
simultaneously. This allows a quantum system to hold exponentially more
information than a classical system of the same size. While classical bits are copied.
erased. and transmitted with clarity. qubits cannot be cloned due to the no-cloning
theorem. and any attempt to observe them disturbs their state. Classical information
is fundamentally local—processing one bit does not affect another unless explicitly
coupled. In contrast. quantum information can be non-local. with entanglement
enabling correlations between distant particles that have no classical analog.
Measurement is another critical difference: classical measurement reveals the pre-
existing value of a bit. while quantum measurement probabilistically collapses a

state. changing the informationitself. 49



Furthermore. classical information theory relies on Shannon entropy to describe uncertainty
while quantum information theory uses von Neumann entropy to describe mixed states. Quant
algorithms(e.g.. Shor’'sand Grover’s) leverage quantum superposition and interference to sol
problemsintractable for classical machines. In communication. quantum information allows fo
secure key distribution protocols that areimpossible classically. Thus. while both frameworks
are grounded ininformation theory. quantuminformation introduces a radically different set o
rules—defined by linear algebra. unitarity. andthe geometry of Hilbert space—which expand

the boundaries of what is computationally andcommunicatively possible.

Tabler.y: Classicalvs Quantum Bit

Feature Classical Bit Quantum Bit (Qubit)

State Copying Oor1 a Forbidden (No-cloning theorem)
Measurement Allowed Probabilistic;  collapses the state
Entangiement Reveals true state Fundamental and useful 2™ amplitudes
information—Capacity Notpossible (for—m—qubits)—Unitary —operators—and
Processingvtodet Thit quantumrcircuits

[»] | | H +
DOUICAlT UYL yalco

Key Principles and Equations

Superposition of Quantum Information

Asingle qubit holds a superposed state:

Ly=al H>+B Iy laly Bl V=\|¢_»g&psi¢ygggrangle=¢_ug%alpha|~¢@rm@ea@§m@h%@m&gm4
|rezbeta [Cuusey =

No-Cloning Theorem

Thereisnounitary operator UU such that:

UCTP>® 1 )= 1@ 1 P>V | Py U(eetpsizeirangle sezotimes

sczquad seeforall jseepsiseirangle

&ranglﬁzg%@%arégle R

Entropy Measures

Shannon Entropy (Classical):

HXO=—Z ipilogypiHX) = -sc2sum__ip__isczlog__yp_i

von Neumann Entropy (Quantumy:
S(p)=—Tr(plogp)Sczeirho) = - seitext4Traxeirho sczlog sczrho)

Applications of Quantum Information

* Quantum Cryptography: Secure communication via quantum key distribution (QKD)

* Quantum Algorithms: Efficient factoring (Shor). database search (Grover)
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. QuantumTeleportation: Transfer of quantum state information using entanglement

v.4. Philosophical implications: randomness. determinism. and observerrole

Y.4.). Quantum Randomness: ANew Kind of Indeterminacy

Quantum mechanics introduces a kind of randomness that is fundamentally
distinct from the randomness encountered in classical statistical systems. In
classical physics. randomness often reflects incomplete knowledge about the
precise state of a system: for example. when flipping a coin. therandomness of the
outcome derives from ignorance of the exact initial conditions. air resistance. and
spin. However. in quantum theory. even when the system is completely described
by a pure state (such as a wavefunction or a state vector in a Hilbert space). the
outcome of a measurement is probabilisticin a way that cannot be traced to hidden
variables under standard interpretations. This intrinsic unpredictability is
formalized through the Born rule. which states that the probability of measuring a
particular outcome corresponds to the squared magnitude of the

projection of the state onto the measurement basis. This suggests that the physical

world. ata

fundamental level. is governed not by deterministic trajectories but by a statistical
structure that

emerges naturally from the theory’s postulates.

The randomness is not due to experimental limitations or human ignorance—it is
builtinto the

nature of quantum phenomena. Moreover. the no-go theorems like Bell's and

Kochen-Specker’s

show that no local hidden-variable theory can reproduce all predictions of quantum
mechanics.

Randomness. then, is not a temporary artifact of measurement disturbance but a
v.4.v. Determinismin Quantum Theory: Modified. Not Destroyed

&ounasr'g tuur;[w'\éc(_ﬁeory is often portrayed as the death of determinism. but this claim is

{%aéﬁercel Sg;?heda e NlYs FENATER MHaP LSEoPH Rl R g aNd g 2lusRy Al
ruth. andthe

core. quantum mechanics retains a highly deterministic structure in the time
structure of laws of nature. rejecting the ¢lassical idea of an unfolding deterministic
evolution of closed systems. The state of a quantum system evolves smoothly and

%%Enr(r)nsllnqstically according to the Schrodinger equation. a linear partial differential

‘éaq‘garti%ﬁ C%HSt;Q%Ec'F*.dQ?‘%B%”ﬁ'X B9 PR Lmics Y REARLer QI Rathiernatics!
coherencean

given atstate at one time. its future (and past) states can be precisely calculated. The
symmetry. , .

indeterminism arises not from the dynamics but from the process of measuremg1nt‘

which



introduces discontinuous. probabilistic collapse—known as wavefunction reduction—where th
system seemingly jumps from a superposition to a definite outcome in accordance with a set of
probabilities.

Philosophically. this raises the measurement problem: when and how does a definite outcom
emerge from a deterministic processs Interpretations vary widely—some. like the Many-World:s
Interpretation. preserve determinism by positing that all possible outcomes occur in parallel
while others. like spontaneous collapse theories. inject genuine stochastic eventsinto the
evolution. Whatis clear. however. isthat quantumtheory separates two domains: the evolutio
of potentialities and the realization of facts. Determinism in quantum mechanics. then. is
conditional and layered—it governs the mathematical structure of quantum amplitudes but nc
the empirical results of measurements. which remain governed by fundamental randomness.
redefines determinism from a metaphysical absolute to a conditional. model-dependent princi
whose scope and limits are shaped by context. interpretation. and experimental boundary

conditions.

v.4.v. The Role of the Observer: Participation in Reality

Among the most profound and debated features of quantum mechanicsis the role of the observ
in defining the reality of a system. Unlike classical mechanics. where measurementis an act of
passive revelation. quantum measurement appears to be an active process that alters the syste
being observed. According to the standard Copenhagen interpretation. prior to measurement.
guantum system existsin a superposition of all possible outcomes. anditis only upon observati
thatthe system “collapses” into one definite state.

The formalism makes no distinction between observers—itis the interaction between a system
and a measurement apparatus (often assumed macroscopic) that enacts collapse—but the
philosophicalimplications are striking. It raises the possibility that reality is not objectively
defined independently of measurement. and this leads to interpretations wherein the observ
becomes an essential part of the physical formalism. Some physicists and philosophers have
proposed that consciousness itself might play a special role in wavefunction collapse. though th
remains speculative and controversial.

Wigner’s friend and the extended measurement chain further complicate matters. illustratin
paradoxes where different observers disagree about the state of a system. Interpretations such
Quantum Bayesianism (QBism) and Relational Quantum Mechanics embrace the idea that
guantum states do not reflect objective properties but the beliefs or relations held by observers
Theseviews challenge the notion of a universal. observer-independent reality and suggest the
knowledge. measurement. and physical existence may be inextricably linked. Whether or no
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consciousnessis special. quantum mechanics forces us to reexamine the relationship between#
knower and the known. replacing classical detachment with entanglement of observer and
system.
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SYLLABUS

Unity

Building a Quantum Computer - Theoretical Challengesand
Requirements

What is required to build a quantum computer (conceptual overview)s . Fragility of
guantum systems: decoherence. noise. and control. Conditions for a functional
guantum system: Isolation. Error management. Scalability. Stability. Theoretical
barriers: Why maintaining entanglement is difficult. Error correction as a
theoretical necessity. Quantum hardware platforms (brief conceptual
comparisony.Superconducting circuits. Trappedions. Photonics. Visionvs reality:
what’s working and what remains elusive. The role of quantum software in

managing theoretical complexities
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.+ Introduction

Quantum computing represents a revolutionary paradigm shift in the field of
computation. promising exponential speed-ups for specific classes of problems that
are infeasible for classical computers. The given figure .\ shows the blueprint for a
Practical Quantum Computer.However. building a functional and scalable quantum
computer remains a profound scientific and engineering challenge. This challenge is
rooted not only in technological constraints but also in deep theoretical issues that
must be addressed to harness the full power of quantum mechanics.

At the heart of a quantum computer lies the qubit — a quantum bit capable of
existing in a superposition of states. While this property enables parallelism and
quantum interference. it also introduces extreme sensitivity to environmental
noise and errors. Maintaining quantum coherence and achieving fault-tolerant
computations i

. Application layer |

Algorithm | i

Classical processing

Calibration and Tuning | :

s S : Microinstructions B ; &

Digital processing

; 1 3 i ; Digital readout signals i

" Digital control signals | - AT
Analog processing

: LT Analog readout signals

Analog control signals A TEh R

Quantum processing

QUANTUM COMPUTER

Figv.\: Blueprintfor a Practical Quantum Computer
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Theoretical challengesin building a quantum computerinclude:

«+Quantum Decoherence and Error Correction: Qubits are highly susceptible to
decoherence due tointeractions with their environment. Designing error-correcting
codes that preserve quantum information without direct measurement is a critical

requirement.

«+Qubit Scalability and Connectivity: Developing scalable architectures that
support a large number of qubits. along with efficient inter-qubit connectivity. is
essential for executing complex quantum algorithms.

»Quantum Gate Fidelity: High-precision control of quantum gates and operations is
necessary toensure reliable computation. Theoretical models must support the
design of gates that meet fault-tolerance thresholds.

+Measurementand Readout: Extracting information from quantum states without disturbing
them significantly poses both theoretical and practical difficulties.

«»Universal Quantum Computation: Establishing the minimum set of gates and operations
necessary for universal computation is a key theoretical concernin quantum computer design.

«Physical Implementation Models: Each physical platform — including
superconducting qubits. trapped ions. topological qubits. and photonic systems —
has its own theoretical framework and constraints. which must be rigorously
analyzed and optimized.

This topic integrates quantum mechanics. computer science. and information
theory to explore the foundational principles required to construct a working
quantum computer. Addressing these theoretical challenges is vital to transforming
guantum computing from a scientific curiosity into a practical and transformative
technology.

v.yWhatisrequired to build a quantum computer (conceptual overview)s

Building a quantum computer is not just about assembling hardware—it's about
engineering a system that can faithfully implement the laws of quantum mechanics
while overcoming significant physical. technical. and theoretical barriers. Unlike
classical computers. which manipulate binary bits using transistors and electrical

circuits. quantum computers manipulate 56



gubits—quantum bits that rely on phenomena like superposition. entanglement. and interfere
To make this possible. several core requirements must be met. oftenreferred to as the DiVincer
Criteria. proposed by quantum physicist David DiVincenzo.

To build a quantum computer. one must design and integrate a highly complex system that
leverages quantum mechanical phenomena to process information. Unlike classical compute
that use binary bits (- or v). quantum computers use quantum bits or qubits. which can existin

multiple states simultaneously due to superposition and entanglement.
Below is a detailed conceptual overview of what is required to build a quantum computer.

¥.1.). Qubits: The Fundamental Building Block
A quantum computer begins with qubits. which are the quantum analogs of classical
bits. Qubits can exist in a superposition of . and y and can be entangled with other
qubits. enabling powerful computational capabilities. Types of physical
implementations of qubits:

* Superconducting circuits e.g. . IBM. Google)

« Trappedions(e.g..IonQ.Honeywell)

« Photons (optical qubits)

- Topological qubits (still theoretical)

* Quantum dots or spin-based qubits

v.1.v. Initialization and Control
Qubits must be initialized to a known state (typically |- >) before computation begins.
Reliable control over qubits using external signals (microwaves. lasers. or magnetic
fields) is essential to manipulate their quantum states for logic operations. Key
requirements:

* Precise quantum gate operations (single-qubit and two-qubit gates)

*Low noise and minimal external interference

* High-speed control and synchronization mechanisms

¥.1.v. Quantum Gates and Circuits
Quantum logic gates operate on qubits and are the building blocks of quantum circuits. Commc
qgquantum gatesinclude:

. PauligatesX.Y.2)

*Hadamard gate (H)
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« PhasegatesS: T
« Controlled-NOT (CNOT) gate

To perform algorithms. these gates are combined into quantum circuits following the rules of
unitary evolution governed by quantum mechanics.

¥.).¢. Quantum Coherence and Decoherence Management
Coherencerefersto the ability of a quantum system to maintain its quantum state over time.
Decoherenceistheloss of this property due to environmental noise and interactions.
Challenges:

* Qubits must have long coherence times.

+Isolation from the environmentis crucial .

*Use of cryogenics e.g. . dilutionrefrigerators) to reduce thermal noise in some systems.

v.\.o.Quantum Error Correction
Because quantum systems are fragile and prone to errors. error correction is vital
for practical quantum computing. Quantum error-correcting codes (QECCs) protect

information without measuring it directly. Common approaches:

« Shorcode
« Surfacecodes
- Concatenated codes
Requirements:
*Redundant encoding of logical qubits into multiple physical qubits
* Frequent error syndrome measurement

* Fault-tolerantimplementation of gates

v.1.1. Scalability

Auniversal quantum computer must scale to hundreds or thousands of qubits. Thisinvolves:
* Modular design of qubit systems
. Inter-qubit connectivity (nearest-neighbor or all-to-all coupling)

- Integrationwith control electronics and hardware
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v.1.v. Readoutand Measurement
Atthe end of a quantum computation. the final quantum state must be measured to obtair

classical output. Measurement needs:

* High-fidelity and fast measurement techniques
* Minimal disturbance to unmeasured qubits (in mid-circuit measurement scenarios)

* Repeated measurements for probabilistic outputs

¥.).A. Quantum Software and Algorithms
Quantum algorithms exploit the unique features of quantum mechanics to solve problems mor

efficiently than classical algorithms.
Examples:

*Shor’s algorithm for factoring

* Grover's algorithm for search

* Quantum simulations for chemistry and materials science
Ahigh-level software stack s required for:

* Programming (using languages like Qiskit. Cirg. or Q)

* Compilation into low-level quantum gates

« Error-aware execution and scheduling

¥.1.4. Quantum Hardware Infrastructure

To physicallyimplement the above components. extensive infrastructureis needed:
* Cryogenic systems (especially for superconducting qubits)
*Vacuum systems (forion trap qubits)

*Lasers. microwave generators. and optical systems

« High-speed electronics and classical co-processors

*Shielding from electromagneticinterference

v.1 .\ Integration and Control Architecture
An orchestrated control system must:

* Coordinate qubitinitialization. gate operations. and measurements
*Handle timing synchronization and feedback

* Interface classical and quantum components in hybrid architectures
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¥.1 .. Validation and Verification
Because of the probabilistic nature of quantum computation. verifying correctness is non-trivia

Techniquesinclude:

* Tomography (quantum state /process)
* Benchmarking (randomized or cross-entropy)

* Classical simulation of small quantum systems for comparison

v.1 . . Quantum Networking for future scaling)
In distributed quantum computing or quantum internet settings. entanglement between qul

across different machines will be necessary. This requires:

* Quantum repeaters
* Entanglement swapping and purification protocols

* Quantum communication interfaces (quantum teleportation)

To build aquantum computer. we must combine:
A physical platform to store and process qubits. Tools for initializing. controlling. and
measuring them. Methods for preserving quantum states long enough to compute. ar

robust systems for error correction and faulttolerance

It's a deeply interdisciplinary effort. involving physics. electrical engineering.
computer science. and materials science. Only by integrating all these elements can
we move from small test systems to powerful. large-scale quantum computers
capable of solving the world’s hardest problems.

v. Scalable Physical System with Qubits
The most basic requirement is a physical system that can represent qubits. These

qubits can be realized using trapped ions. superconducting circuits. quantum dots.
photons. or atoms. The system must be scalable. meaning that we can increase the
number of qubits without losing control or coherence. Scalability is crucial because
real-world problems often require hundreds to millions of qubits. and managing

their states becomes exponentially more complex.

v. Initialization of Qubits to a Known State
Before computation begins. all qubits must be reliably initialized to a known

reference state. typically |->. This is similar to resetting classical memory before

use.In quantum systems.
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initialization can be challenging due to thermal noise and environmental interactions. so the

system must be cooled orisolated to ensure clean starting states.

v. Long Coherence Time

Coherence refers to the ability of qubits to maintain their quantum state over time.
The longer a qubit remains coherent. the more complex computations it can
perform. Unfortunately. quantum states are extremely fragile and prone to
decoherence—loss of quantum behavior due to interaction with the environment.
Building systems with long coherence times requires shielding. cooling. and highly

stable hardware components.

¢. Universal Set of Quantum Gates

A quantum computer must be able to apply a universal set of quantum logic gates to
manipulate qubits. These gates are the building blocks of quantum circuits. just like
AND /OR/NOT gates in classical circuits. Essential gates include single-qubit gates
(like the Hadamard and Pauli-X) and multi-qubit gates (like the CNOT gate) that enable
entanglement. Together. they must be able to perform any quantum computation.

o. Qubit-Specific Measurement

After quantum computation. the result must be read out by measuring the qubits.
This measurement collapses the qubits into classical - or y values. It is vital that each
qubit can be measured individually. reliably. and without disturbing others. High-

fidelity measurement is essential for accurate output.

1. Quantum Error Correction

Due to the fragile nature of quantum states. errors are inevitable. However. unlike
classical errors. quantum errors involve not just flipping bits but also changing
phases. Quantum error correction (QEC) techniques are essential to protect against
decoherence and operational errors. Implementing QEC requires encoding logical
qubits into groups of physical qubits and detecting/correcting errors without

collapsing the quantum state.
v. Controland Interconnects

Quantum computers requiredisetanipal aystgpuotsts with microwaves .

lasers. or magnetic fields. The architecture must include high-speed control
electronics and low-noise communication channels between qubits. As systems
grow in size. creating efficient interconnects and control networks becomes even

more challenging. 61



A. Fault-Tolerance and Scalability
A practical quantum computer must be fault-tolerant. meaning it can perform long

computations even when some components fail or introduce errors. This involves
building redundancy into both the physical qubits and control logic. It also means the
architecture should scale from small labs to commercial-grade machines without
degradationin performance or reliability.

v.v. Fragility of quantum systems:

Quantum systems. the foundation of quantum computing and quantum information
science. are governed by the principles of quantum mechanics—namely
superposition. entanglement. and coherence. These properties enable quantum
computers to process information in powerful new ways. However. quantum
systems are inherently fragile. meaning they are highly sensitive to external
disturbances. environmental interactions. and imperfections in control
e fraagjins of quantum systems is one of the most critical challenges in realizing
practical quantum computing. Tiny interactions with the environment can destroy
the delicate quantum states—an effect known as decoherence. Moreover. even
small inaccuracies in quantum gate operations or fluctuations in temperature or
electromagnetic fields can introduce errors. Because quantum information
cannot be cloned (as per the no-cloning theorem). standard redundancy and
error-handling techniques from classical computing do not apply directly.

This fragility necessitates stringent control over qubit environments. high-fidelity
operations. and the development of sophisticated quantum error correction
strategies. Understanding and mitigating the fragility of quantum systems is central
to building stable. scalable. and fault- tolerant quantum technologies.

v.v.yDecoherence

Decoherence is one of the most fundamental and problematic challenges in quantum computin
Itrefersto the process by which aquantum system loses its quantum mechanical properties—
particularly superposition and entanglement—due to interactions with the surrounding
environment. Intheory. a qubit can existin a coherent superposition of both - and . allowing
guantum computersto perform complex parallel calculations. However. in practice. qubits are
never completelyisolated. Theyinteract with stray electromagnetic fields. nearby particles.
thermal energy. and even cosmicradiation. These tiny interactions disturb the quantum state.
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forcingitto collapse'into a definite classical state. destroying the computation. Unlike classical
bits. which are stable under most conditions. qubits are fragile and highly sensitive. The
timeframe during which a qubit retains its coherence is known as the coherence time. and thisis
oftenvery short—ranging from microseconds to milliseconds depending on the hardware. Th
shorter the coherence time. the fewer quantum operations (gates) can be performed reliabl
Extending coherencetimeis one of the central goals of quantum hardware design. and it requir
extreme isolation techniques. cryogenictemperatures. and highly pure materials. Until
decoherenceis significantly minimized or managed with effective quantum error correction.
building large-scale. reliable quantum computers will remain a formidable task.
Decoherenceis the process by which a quantum system loses its quantum behavior and begins
to behave classically due to interactions with its environment.

For example. if a qubitin superposition |-) + 1> interacts with a photon. it may end up
in either |.> or |v>. destroying the computation. Mathematically. decoherence is

modeled as the decay of off-diagonal terms in the system’s density matrix.
Commontypes of decoherence:

Dephasing doss of relative phase between |- and |y »)

Amplitude damping doss of energy from excited to ground state)

Decoherence Time (Tv): The characteristic time over which a qubitremains coherent. Longer
Ty times are desirable for computation.

Bit Flip

Phase Flip

|15

Figr.v: Quantum decoherence as characterized by bit-flips and phase-flips

¥.Y.Y Quantum Noise: The Enemy of Accuracy
Closely related to decoherence is the concept ofquantum noise. which refers to
unwanted and random variations in a quantum system that introduce errors during
computations. In classical systems. noise often manifests as minor fluctuations in
voltage or current. which can be filtered
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or tolerated due to the digital nature of classical bits. But quantum systems. operating atthe lev
of probability amplitudes. are far more susceptible. Noise can arise from imperfectionsin the
material. inconsistencies in control pulses. or environmental vibrations and electromagnetic

interference. In a quantum processor. eventiny noise levels can cause bit-flip errors (where |-
becomes |\> orvice versa) or phase-flip errors (which affect the relative phase between |- > and

|\>). These errors accumulate rapidly and can destroy the accuracy of a computation.

Encoding

q0: [¥) ¢ D——  |¥)
ql: |0) D D e
q2: |0) D D—oeo

Figr.v: Noisein Quantum Computing
What makes quantum noise particularly challenging is that it is often difficult to
detect and correct due to the no-cloning theorem. which prevents copying of an
unknown quantum state. Moreover. every physical implementation of a quantum
computer—be it superconducting qubits. trapped ions. or photonic systems—has
its own unique noise characteristics. Understanding. modeling. and mitigating
noise is essential for increasing fidelity in quantum gates and improving overall
system reliability. Advanced error correction codes like the surface code aim to
counteract noise. butthey require alarge number of physical qubits to protect just

a few logical qubits. further emphasizing how deeply quantum noise constrains

RIS Pe?€81 95 any unwanted disturbance that affects the state of a quantum system.

Types of quantum noise include:
a) Thermal Noise:
Caused by fluctuationsintemperature.

Can cause qubits to flip randomly (bit-flip errors) or change phase (phase-flip errors).
b) Gate Noise:

Arises from imprecise control over quantum gates.

Imperfect calibration leads to small but accumulating errors during gate operations.
o) Measurement Noise:
Occurswhenreading out the quantum state.

Detectors may misidentify the qubit state due to limitationsin resolution or interference.
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d) Crosstalk:
When operations on one qubit unintentionally affect another nearby qubit.

Noise models are often described using quantum channels such as:

« Bit-flipchannel
« Phase-flipchannel

« Depolarizing channel

Quantum systems are highly susceptible to noise due to their continuous. analog nature and tr
lack of built-in error correction asin classical digital systems.

v.y.rv Control: The Precision Engineering of Quantum Gates

Operating a quantum computer demands extraordinary precision in control systems. far beyon
what s typically required for classical machines. Qubits are manipulated using finely tuned

electromagnetic pulses—such as microwave signals in superconducting qubits or laser beamsiir
trappedions—to perform quantum gate operations. These gates mustrotate the quantum st
precisely on the Bloch sphere. which geometrically represents the state of a qubit. Even the
slightesterrorintiming. amplitude. or phase of these control pulses can resultin the qubit
deviating from the intended path. leading to computational errors. In classical systems. sligr
inaccuracies may go unnoticed due to their binary nature« however. quantum systems demar
continuous. analogy precision. where even a minor fluctuation can ruin a quantum operatior

Additionally. asthe number of qubits increases. the complexity of their interactions alsorises.

Control systems must not only address individual qubits but also coordinate
entanglement operations between multiple qubits—often requiring synchronization
at the nanosecond scale. Any crosstalk. unintended coupling. or thermal noise in
control lines can introduce correlated errors. Developing scalable and accurate
qguantum control hardware—such as low-noise signal generators. error-resilient
pulse sequences. and high-speed electronics—is one of the most active areas in
guantum engineering. Without ultra-precise control. even a perfect theoretical

algorithm cannot bereliably executed on real hardware.
Controlling quantum systems with high precision is extremely difficult and crucial for reliable
computation.

Control challenges
include: a)  Precision

Requirements: 65



. Quantum gates must operate at near-perfect fidelity.
. Eventinyinaccuracies can cause errors that propagate throughout a quantum circuit.

b) Timing and Synchronization:

. Operations mustbe perfectly timed to avoid decoherence or errors.
. Delaysorjitter can desynchronize qubits and destroy quantum correlations.

o Isolationvs. Accessibility:

. Qubits mustbeisolated from environmental noise but accessible for operations and
measurements.
. Thisdualityis difficult to achieve and maintain.

d) Scalability:

Asthe number of qubitsincreases. maintaining uniform control and minimizing cross-
qgubitinterference becomes exponentially more difficult.

v.r Conditions for a functional quantum system:

To build a functional quantum system—especially for quantum computing—a number of
stringent conditions must be met. These are often summarized as the DiVincenzo Criteria.
proposed by physicist David DiVincenzo. which outline the fundamental requirements for a
practical quantum computer. Here’s a comprehensive breakdown of the key conditions for a

functional quantum system:

y. Well-defined Qubits

A quantum system must have clearly defined two-level quantum states that act as qubits (quantum bits).
Thesestates(e.g.|->and|y>) mustbe distinguishable and controllable.

Examples: Spin states of an electron. energy levels of anion. superconducting loops.

v. Initialization of Qubits

The system must be able to reliably prepare all qubitsin a known initial state. typically |- > .

Initialization is crucial for consistent quantum algorithm execution.
v. Long Coherence Time
Qubits must maintain their quantum state (coherence) long enough to perform computations.

Coherence time (Tv) must be significantly longer than the time it takes to perform quantum gate
operations.
High coherence ensures the integrity of superposition and entanglement.

¢. Universal Set of Quantum Gates
The system must support a set of quantum gates that can perform arbitrary operations on qubits.

Thisusuallyincludes:

« Single-qubitgates(e.g.. Hadamard. Pauli-X
« Atleastoneentangling two-qubitgatee.g.. CNOT)

Together. these gates must form a universal set. enabling the construction of any quantum algorithm.
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o. Qubit-Specific Measurement Capability
It must be possible to measure the state of individual qubits without disturbing others.

Measurement shouldyieldreliable classical outcomes corresponding to quantum basis states.

1. Scalable Architecture

The system must allow forthe integration of many qubits (tens to thousands or more) without excessive
overhead or noise.

Scalability involves both hardware and control systems. requiring modularity and fault-tolerance.

v. QubitInterconnectivity
Qubits must be able to interact with specific others (not necessarily all). enabling entanglement and two-

qubit gates.
Efficient connectivity is essential forimplementing quantum algorithms and error correction.

A. Error Correction and Fault Tolerance
The system must support quantum error correction to counteract decoherence and noise.

Error correction requires additional qubits (logical qubits encoded in many physical ones)and complex

operations.
1. Reproducible and Controllable Quantum Dynamics
Allquantum operations (initialization. gates. measurements) must be precisely reproducible and

controllable.

Gatefidelities must be extremely high (typically <aa. 47 for fault-tolerant thresholds).
v+. Interface for Input and Output
The system should be able to take classical inputs. execute quantum instructions. and return classica

outputs after quantum measurements.

This involves control electronics. classical computers. and user interfaces.

v.v.1 Isolation: Shielding Qubits from the World
Isolation is one of the most fundamental prerequisites for a functional quantum

system. Qubits must be completely isolated from environmental disturbances in
order to maintain their fragile quantum states. Even the tiniest interaction with the
outside world—such as stray electromagnetic waves. temperature fluctuations. air
molecules. or mechanical vibrations—can cause the qubit to lose coherence. the key
property that enables quantum superposition and entanglement. This process.
known as decoherence. is the primary threat to accurate quantum computation. To
combat this. quantum systems are built in highly controlled environments: ultra-
highvacuum

chambers. cryogenic systems operating near absolute zero. and magnetically
shielded rooms. For

example. superconducting qubits are kept at millikelvin temperatures using dilution
refrigerators

to eliminate thermal energy. while trapped-ion systems are held in electromagr§e7tic
fields within

vacuum chambers to prevent collisions. Without such extreme isolation. qubits



with external noise and collapse into classical states. making quantum computation unreliable ¢

impossible.

v.v.y Error Management: Handling the Fragility of Quantum Information

Error management in quantum systems is significantly more complex than in
classical systems due to the nature of quantum information. In classical computing.
errors like bit-flips can often be corrected using redundancy and parity checks. In
contrast. quantum errors involve more than just flipping bits—they include phase
errors. amplitude damping. and crosstalk. all of which must be detected and
corrected without measuring or collapsing the quantum state. This is where
Quantum Error Correction (QEC) comes into play. QEC encodes a single logical qubit
across multiple physical qubits. allowing the system to detect and correct errors by
measuring ancillary qubits without directly disturbing the encoded quantum
information. One

popular method is the surface code. which provides robustness against local errors
andisscalable

for large systems. However. implementing error correction requires a large

overhead: to protect

? $i08|&196iiFR). FrbhadURF DB SRR ST Physical qubits may be needed. The

§8§]5%ﬁﬁ{)'}°|rs the bridge between experimental quantum computers and useful.
028 e Db S e i R Ol e SRRl o s <P 856 e ) Sl
6R7&H0T RGN dred qubits. but solving real-world problems—like breaking RSA
R o RTo FETRTL RN GT a1 X IR BEL RYaNAD RIARHERMS UL N RiARbL S BF
aﬁﬁ:?i?g.eﬁiges,qgfjesquantum systems to this level. the entire architecture must be
designed to support modular. repeatable. and interconnected qubit arrays. This
means the hardware. control electronics. error correction protocols. and
communication

interfaces must be extensible without exponential increases in complexity or cost.
One of the

challenges in scaling is that as the number of qubits grows. so does the cross-talk
between them.

making control more difficult. Moreover. physical space. cooling infrastructure. and
signal

routing become bottlenecks. Technologies like quantum interconnects. quantum
buses. and

distributed quantum computing (where multiple quantum processors are
networked) are being 68
explored to overcome these limitations. A scalable quantum system must not only
add more qubits. but also maintain their fidelity. coherence. and manageability as



v.r. ¢ Stability: Ensuring Long-Term Reliability and Repeatability

Stability is the foundation upon which quantum computing must rest if it is to become
commercially viable and widely adopted. A functional quantum system must not just
perform one accurate computation—it must consistently deliver high-fidelity results
across repeated operations. over extended time periods. and under varying physical
conditions. This requires both physical stability of the hardware and logical stability of
the quantum operations. Physical stability involves minimizing thermal drift.
vibrations. and electromagnetic fluctuations. all of which can disturb the qubit
environment.

Logical stability. on the other hand. demands that quantum gates behave predictably
and

reproducibly with minimal error. despite operating in a probabilistic framework.
Stabilizing a

gquantum system also includes managing long-term degradation of materials.
maintaining

calibration of control systems. and implementing feedback loops to self-correct

errors or drifts.

Without stability. quantum systems cannot scale up. remain useful. or be trusted to
rurToenrpteal barriers
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tolgiavtriatpehallenges. but also profound theoretical barriers that stem from the
fepdanshtahnabwip@figgantum mechanics.

v.¢.y Why Maintaining EntanglementIs Difficult
Entanglement is a cornerstone of quantum computing—allowing qubits to be deeply

correlated in ways that classical bits can never be. However. maintaining entanglement
between qubits is one of the most fragile and technically demanding aspects of building a
guantum computer. Entangled states are highly sensitive to external disturbances. such as
temperature fluctuations. magnetic fields. or even atomic vibrations. Any slightinteraction
with the environment can cause decoherence. breaking the delicate correlations and
rendering the entangled state useless. Moreover. the more qubits you entangle. the harder
it becomes to keep them stable over time and across physical distance. Entanglement also
requires precise synchronization between qubits. often involving laser pulses. microwave
signals. or magnetic fields that must be coordinated to near perfection. This precision
becomes increasingly difficult to maintain in large systems. leading to a loss of fidelity in
quantum operations. From a theoretical standpoint. entanglement must persist long
enough to be used in computation. communication. or measurement. which places a

massive burden on system design.
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shielding. error correction. and control mechanisms. Withoutreliably maintaining entanglement. the v:
foundation of quantum computing collapses.

v.¢.v Error Correction as a Theoretical Necessity
Unlike classical systems where error rates are minimal and redundancy can be added with simpl

checks. quantum systems suffer frequentand subtle errors that cannot be addressed through
traditional means. Qubits can experience not only bit-flip errors but also phase-flip and combin
errors. dueto the probabilistic nature of quantum mechanics. Compounding theissueis the no
cloning theorem. which states that unknown quantum states cannot be copied—so we cannot
simply replicate data to safeguardit. As aresult. quantum error correction (QEC)isnota
luxury—itis a theoretical necessity.

QEC codes such asthe Shor code. Steane code. and surface codes work by encoding a logical
qubitinto multiple physical qubits in a way that errors can be detected and corrected indirectly.
without collapsing the quantum state. However. implementing QEC comes with massive
overhead—sometimes requiring dozens or hundreds of physical qubits for a single logical qubit
Thisintroduces significant complexity and resource demands. pushing the limits of hardware at
control systems. From a theoretical standpoint. fault-tolerant quantum computing—where
computations can proceed indefinitely despite the presence of noise and imperfections—is only
achievable through robust and scalable error correction. making itafoundational element of ar
future quantum architecture.

v.¢.y Quantum Hardware Platforms (Brief Conceptual Comparison)
Thereisnosingle way to build a quantum computer. and several hardware platforms have emerged. eac

with distinct theoretical advantages and practical limitations. The three most prominentapproachesare
superconducting circuits. trappedions. and photonic systems. Superconducting qubits. used by compsa
like Google and IBM. are built on electrical circuits that operate at extremely low temperatures to
eliminate resistance. They offer fast gate speeds and are compatible with existing semiconductor
technologies. but suffer from short coherence times and significant control complexity. Trappedions.
used by IonQ and Honeywell. involve storing individual atoms in electromagnetic fields and manipulatin
them with lasers.

These systems have long coherence times and extremely high fidelity . but gate operations are slower an
the systemis harder to scale due to the complexity ofion control. Photonic systems. being explored by
Xanadu and PsiQuantum. use particles of light (photons) as qubits. They are naturally robust to
environmental noise and excellent for quantum communication. but face challengesin generatingand
interacting photons on demand. Each platform has theoretical implications regarding scalability .
coherence. speed. and connectivity. and ongoing research continues to refine which approach—or

combination—will lead to practical . universal quantum computing .
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v.¢.¢ Superconducting Circuits
Superconducting circuits are perhaps the most commercially mature quantum

hardware platform to date. They use tiny loops of superconducting materials cooled
to near absolute zero. where they exhibit zero electrical resistance and allow quantum
effects like superposition and entanglement to emerge. Qubits in this system are
known as transmons. and they are manipulated using microwave pulses. These
systems are attractive because they are relatively fast. can be fabricated using
existing chip-making technologies. and are easily integrated with classical
electronics. However. they have short coherence times (typically microseconds).
meaning operations must

be performed quickly before the qubits lose their quantum behavior. Furthermore.
maintaining

the cryogenic environment requires complex and costly infrastructure.
Superconducting systems

are also susceptible to crosstalk and noise. which increases with the number of

gubits. Despite
;hgsoerrgesjalg?&%s‘ they remain a leading contender in the race toward scalable

Wé?)'ﬂ)@bﬂi"on qguantum computers use charged atoms (ions) suspended in electromagnetic
REREESSYibiteSPR&dallynsdee 14he KRG aiMGH kemen hhehees sNadeaip B5ted
ueing prieiselydunesitaser beams. One of the biggest theoretical advantages of trapped ions
cdheeexaeptionally long coherence times. sometimes exceeding seconds or even minutes.
which is orders of magnitude longer than superconducting qubits. Additionally. all qubitsina
trapped ion system are naturally identical. reducing variability and improving error

correction. Gate operations are highly accurate. and entanglement between ions is relatively

RiseDE oM H LR F5RURtems are slower in operation—gates can take microseconds to milliseconds—
and become increasingly hard to control as the number of ionsincreases. The complexity of laser contrc
systems and the physical footprint of the apparatus make large-scale deployment challenging. Still. the
high fidelity and predictable behavior make them a favorite for small- to medium-scale fault-tolerant

quantum systems.

v.¢.1Photonics
Photonic quantum computing uses light particles (photons) as qubits. which makes them

uniquely suited for quantum communication and networking. Photons are naturallyimmune
to many environmental disturbances that affect matter-based qubits. giving them an
inherent robustness to noise and decoherence. Quantum information is typically encoded in

properties like polarization. phase. or path of the photons.
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Because photons travel at the speed of light. photonic systems promise extremely fast communication
making them ideal for building the quantum internet. However. photonic quantum computing also face
significant challenges. Generating single photons on demand. routing them precisely through optic:
circuits. and making them interact to perform logic gates require highly advanced technologies.
Unlikeions or superconducting qubits. photons do not naturally interact. so nonlinear optical componer
or measurement-based schemes are needed to perform two-qubit gates. Despite these hurdles. advar
inintegrated photonics and optical chips are making photonic quantum systemsincreasingly viable. The
ability to operate atroom temperature and interface with fiber-optic networks gives them a distinct edge
for scalable communication-focused quantum applications.

v.oVisionvs. Reality

v.o.y What's Working and What Remains Elusive

The vision of quantum computing promises breakthroughs in areas like cryptography.
material science. machine learning. optimization. and secure communication. In theory.
guantum computers can solve problems that are intractable for classical machines. such as
factoring large integers in polynomial time (via Shor’s algorithm) or searching unstructured
databases in square-root time (via Grover's algorithm). The ultimate vision is the
development of universal. fault-tolerant. scalable quantum computers capable of
transforming entire industries—achieving so-called quantum advantage or even quantum
supremacy in practical tasks. However. the reality today is far more constrained. Although
there has been significant progress—most notably Google's demonstration of quantum
supremacy in y-1a (where their quantum processor completed a task in minutes that would
take a classical supercomputer days)—these achievements are still largely academic or
proof-of-concept in nature. Current quantum devices are known as Noisy Intermediate-
Scale Quantum (NISQ) systems. They typically consist of tens to a few hundred qubits. are
error-prone. and lack the fault-tolerance required for large-scale applications. Problems
like decoherence. error rates. limited qubit connectivity. and short coherence times still limit
their utility. Furthermore. most real-world problems require high-fidelity qubits in the
thousands. if not millions— something today’s hardware is far from achieving. Scalability.
reliability. and robust error correction remain elusive. Additionally. while quantum
algorithms theoretically outperform classical ones. they often require thousands of perfect
gate operations—currently impossible on today's hardware. Therefore. although the
foundational concepts have been validated. practical. industry-relevant quantum
applications are still largely out of reach. The field is progressing fast. but the gap between
VSloP PR RS N S AR R FIBb A s B Blicies

While hardware development is essential. quantum software plays an equally
critical role in bridging the gap between theoretical quantum algorithms and
practicalimplementation. Quantum
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software addresses the inherent complexities of quantum computation—such as encoding
algorithmsinto hardware-specificinstructions. managing noise. optimizing gate sequences. a
handling quantum-classical hybrid models. These complexities arise from the very nature of
quantuminformation: itis non-intuitive. probabilistic. and fragile. requiring entirely new
programming paradigms.

Quantum software platforms like Qiskit IBM). Cirq(Google). Ocean (D-Wave). and PennyLane
(Xanaduw) allow researchers and developers to write and simulate quantum algorithms in high-
level programming languages. These frameworks handle low-level tasks like gate
decomposition. qubitmapping. and error mitigation. making quantum computing more
accessible. Theyalso support hybrid quantum-classical algorithms like the Variational Quantun
Eigensolver (VQE) and Quantum Approximate Optimization Algorithm (QAOA). which are
particularly suitable for NISQ-era devices.

Moreover. quantum software plays a vital role in quantum error correction—designing codes tr
detectand correct errors while preserving entanglement and superposition. It also assistsi
compilation and transpiration. converting abstract algorithms into hardware-specificinstructic
thataccount for connectivity constraints. coherencetimes. and gatefidelity. As quantum syster
scale up. software will be central to orchestrating parallel qubit operations. managing quantul
resources. and ensuring system stability.

Inessence. quantum software is notjust a support tool—itis a core enabler of quantum
computation. helping manage the complexities that come from both the theory and the limitati
of physical systems. It transforms quantum computers from abstract theoretical models int
usable. programmable machines and will continue to play a pivotal role as the technology

matures.
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SYLLABUS

Unit ¢

Quantum Communication and Computing - Theoretical
Perspective

Quantum vs Classical Information. Basics of Quantum Communication. Quantum
Key Distribution (QKD).Role of Entanglement in Communication. The Idea of the
Quantum Internet - Secure Global Networking. Introduction to Quantum
Computing. Quantum Parallelism (Many States at Once).Classical vs Quantum
Gates. Challenges: Decoherence and Error Correction. Real-World Importance
and Future Potential
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¢ .+ Introduction

Quantum communication and computing represent arevolutionary shiftin howinformationis
processed. transmitted. and secured. based on the fundamental principles of quantum mecha
Unlike classical systems thatrely on bits as the smallest unit ofinformation (taking values - or
V)« quantum systems use quantum bits or qubits. which can existin superpositions of states an
exhibitentanglement—phenomena with no classical counterpart.

The theoretical foundations of quantum communication and computing provide the
framework to understand. design. and analyse the behaviour and capabilities of
quantum systems. These principles form the backbone for developing quantum

algorithms. secure communication protocols. and scalable quantum architectures.

In quantum communication. the theoretical perspective focuses on how quantum
entanglement and no-cloning principles enable fundamentally secure methods of
transmitting information. such as Quantum Key Distribution (QKD). It also explores
the limits of information transfer and the impact of noise and decoherence on

communication fidelity.

In quantum computing. the theoretical viewpoint addresses how quantum
mechanics can be harnessed to perform computations that are intractable for
classical systems. It includes the study of quantum gates. quantum circuits.
algorithm complexity. and error correction models. as well as the mathematical
underpinnings of quantum logic and measurement.

This theoretical lens is essential to understand both the potential and limitations of
quantum technologies. guiding researchers in overcoming key challenges such as

decoherence. scalability. fault-tolerance. and algorithmic development.

¢.y Quantumyvs Classical Information
Classical information refers to the type of information we deal with in everyday

computing— where data is encoded using binary digits. or bits. which can be in one
of two states: . or 1. All classical computations. from browsing the internet to
storing videos. are ultimately performed by manipulating these bits using logic
gates. Classical information theory. introduced by Claude Shannon. measures the
amount of information using bits and is constrained by deterministic rules. These
systems can be copied. measured without disturbance. and transmitted reliably

over classical channels like fiber optics or radio waves.
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Quantuminformation. onthe other hand. operatesin aradically different framework based o
the principles of quantum mechanics. It uses qubits (quantum bits). which can exist notonly in
the states . or . butalsoinasuperposition of both. This means a qubit can represent multiple
values at once. allowing quantum computers to perform complex computations more efficient!
than classical systemsin specifictasks.

Furthermore. qubits exhibit entanglement. a phenomenon where the state of one qubitis
dependent on the state of another. no matter how far apartthey are. This creates powerful
correlations that classical bits cannot replicate. However. quantum information is fragile—it
cannot be cloned (due to the no-cloning theorem). is altered upon measurement. and is highl
susceptible to noise and decoherence.

Inthis. classicalinformationis stable. scalable. and well-understood. forming the backbone c
today’s digitalworld. Quantum information offers aleap in computational power and encryptio
capabilities. but remainsin a developmental stage due to the inherent challenges in controlling
and maintaining quantum states. Both forms of information are crucial. but quantum informati

opensdoorstosolving problems thatare unsolvable orintractable using classical approaches.
¢.).1. Representation of Information

. éssinaltion is represented using bits. which take values of either . ory. All
classical systems and digital devices operate using binary states and logic gates like ANLC
OR.and NOT.

. Quantum: Informationisrepresented using qubits. whichcanbeinstate ... ora
superposition of both. A qubit’s stateis described by a complex probability amplitude.
allowing parallelismin computations.

¢.1.Y. Superposition and Parallelism

. Classical: Abitcanonly bein one state at a time—either . or\y. Computation must
evaluate each possibility sequentially (unless using parallel processors).

. Quantum: Due to superposition. qubits can represent multiple states
simultaneously. A

guantum computer with n qubits can theoretically represent y» states at
once. offering

- WQH@&@mputational power for specific problems.

. Classical: Bits operate independently. The state of one bit does not affect another unless
explicitly connected via logic operations.
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Quantum: Qubits can become entangled. meaning the state of one qubit
directly affects the state of another. even over long distances. This allows for
powerful correlations used in quantum algorithms and quantum

teleportation.

. Measurementand Observation

Classical: Measuring a classical bit simply reveals its value (- or v). and the bit
remains unchanged by the observation. Quantum: Measuring a qubit
collapsesits superposition to a single classical state (. or ).

altering its original state. This makes observation destructive and requires
careful design

of quantum algorithms.

. Information Copying and Cloning

Classical: Bits can be freely copied without altering the original data. Data
backup. replication. and transmission are straightforward. Quantum: The no-
cloning theorem states thatitis impossible to make an exact copy of

an arbitrary unknown quantum state. This protects data in quantum
cryptography but

complicates quantum communication and computation.

. Error Correction and Stability

Classical: Error correction is mature and well-developed using redundancy.
parity bits. and error-correcting codes. Quantum: Qubits are fragile and

prone to decoherence (oss of guantum behavior due to

environmental noise). Quantum error correction is an active area of research
andrequires

complex strategies like surface codes.

. Computational Power

Classical: Classical computers excel at general-purpose tasks and are
extremely efficient for most everyday computing needs. Quantum: Quantum

computers outperform classical onesin specific tasks like factoring

large numbers (Shor’s algorithm). searching unsorted data (Grover's
algorithm). and

simulating quantum systems. However. they are not universally superior and

are currently

limited by hardware constraints.
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¢.).A. Communication and Security
. Classical: Classical communication channels are vulnerable to
eavesdropping but are protected using encryption schemes based on
. mathematical hardness assumptions. Quantum: Quantum communication

enables quantum key distribution (QKD). which

ensures secure communication that is provably resistant to interception due to
the laws of

£.1.4. BINAEIMRPMSISEntation

. Classical: Bits areimplemented using voltage levels in transistors. Devices are stable.
mass-producible. and energy-efficient. Quantum: Qubits are realized using
. Vvarious physical systems—superconducting circuits.

trapped ions. photons. or spins. Each has trade-offs in terms of scalability.
coherence

time. and ease of control.

¢.1.)+. Developmentand Maturity
. Classical: Classical computing is a mature field with decades of progress. large-scale
infrastructure. and global adoption. Quantum: Quantum computing is still
. emerging. with progress acceleratingin both

academia and industry. While small-scale quantum systems exist. building
fault-tolerant.

scalable machinesis a major challenge.

¢ .Y Basics of Quantum Communication

Quantum communication is a cutting-edge field that leverages the principles of
quantum mechanics to transmit information securely and efficiently. Unlike classical
communication. which uses electrical signals or light pulses to represent bits (.s and
'S$). quantum communication uses qubits. often encoded in photons. These qubits
can exist in superposition states. enabling the encoding of more complex
information. The core advantage of quantum communication lies in its inherent
security—thanks to principles like the Heisenberg Uncertainty Principle. any attempt
to measure or intercepta quantum state

inevitably disturbs it. making eavesdropping detectable. Quantum communication is
particularly

useful for applications such as secure transmission of sensitive information.
quantum internet.

and distributed quantum computing. However. long-distance transmission is still a
challenge due

. . . - ., . 18
to photon loss in optical fibers and the fragility of quantum states. which is why
technologies like
quantumrepeaters are under development.



. Definition: Quantum communicationis the process of transferring information using
quantum states such as qubits. often carried by photons.

. Security: Inherentsecurity arises because quantum states cannot be measured or cloned

without altering them (Heisenberg Uncertainty Principle and No-Cloning Theorem).

Medium: Photons are typically used for quantum communication because they travel at

the speed of light and are less prone to environmental noise.

. Applications: Includes secure data transmission.quantum internet. satellite
communication. and distributed quantum computing.

. Challenges: Quantumsignals degrade overlong distances due to photonloss and
decoherence. Solutions like quantum repeaters are under research.

¢.v. Quantum Key Distribution (QKD)

Quantum Key Distribution (QKD) is one of the most practical and successful
applications of quantum communication. It allows two parties (commonly called
Alice and Bob) to generate a shared secret key over an insecure channel in such a
way that any eavesdropper (Eve) attempting to intercept the communication will
inevitably be detected. The most famous QKD protocol is BBas. introduced by
Charles Bennett and Gilles Brassard in vaa¢. In QKD quantum bits are transmitted
using properties such as polarization of photons. Because measuring a quantum
state disturbsit. any unauthorized observation changes the state of the

qubits. thus alerting the legitimate users. After transmission. Alice and Bob compare

asubset of

their bits to detect any discrepancies. If the error rate is below a threshold. the key is
considered

secure. QKD is unconditionally secure in theory. relying not on computational
f‘.""rd”%iaabn tuOrHTransmission - Qubits are sentviaa quantum channel.
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g.efenﬁfgf@necking - Publiccomparison detects eavesdropping.

go verrkg)? E%%%Hrliﬁastﬁ%%@ %%@%Qéﬂ/nlgbeérived using only verified bits.
Stepsin QKD:

¢.¢. Role of Entanglementin Communication

Entanglement is one of the most intriguing andpowerful phenomena in quantum
mechanics. and it plays a critical role in quantum communication.When two qubits
are entangled. their states are
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deeply correlated. such thatthe measurement of one instantly determines the state of the othe
regardless of the distance between them. This non-local correlation enables protocols like
Quantum Teleportation. where the state of a qubit can be transferred from one location to anotl
without physically moving the particle. Entanglementis also afundamental resource in device-
independent QKD . where the security of the communication does not rely on trusting the
quantum devices themselves.

Additionally. entanglement swapping allows the linking of distant nodes in a quantum network
serving as the backbone of the quantum internet. Despite its promise. maintaining entangleme
over longdistancesis challenging due to decoherence and noise. which is why creating stable.
long-lasting entangled pairsis a major focus of currentresearch.

¢.0. Theldea of the Quantum Internet - Secure Global Networking

The Quantum Internet is a revolutionary concept that aims to extend theprinciples of
guantum communication across a global network. enabling fundamentallysecure
and powerful communication channels. Unlike the classical internet. which
transmitsinformation in binary form using electrical or optical signals. the quantum
internet would transmit qubits—information encoded in quantum states like the spin
of an electron or the polarization of a photon. One of its most powerful features is
guantum entanglement. which allows instantaneous correlations between distant
qubits. enabling advanced functions such as quantum teleportation and device-
independent quantum key distribution (QKD).

The most compelling advantage of a quantum internet is unbreakable security. Since
any attempt

to eavesdrop on quantum communication disturbs the quantum states being
transmitted. such

intrusion can be immediately detected. This makes it ideal for sensitive
communicationsin

defense. finance. diplomacy. and personal privacy. A fully functional quantum
internet could

also connect quantum computers across the globe. creating a distributed quantum
computing

network with immense collective processing power.

Building the quantum internet. however. is extremely challenging. Quantum signals
degrade over

distance. and classical repeaters used in today’s internet cannot be used for qubits

duetothe no-

cloning theorem. As a result. researchers are developing quantum repeaters b&ed
on

entanglement swapping and quantum memory. which can extend the range of



take decadesto be fullyrealized. the quantum internet represents a paradigm shiftin the way
humanity communicates and processes information—merging the laws of physics with global

networking to create a new digital frontier.
¢.0.v. WhatIsthe Quantum Internets

. Aproposed global network that uses quantum communication protocols to transmit qubits
instead of classical bits.

. Itconnectsquantum devices (like sensors. computers. and communication nodes) using
principles of quantum mechanics—mainly entanglement and superposition.

¢.0.v. CoreTechnologies

« Qubits: Basicunits of quantum information (photons. ions. electrons).

« Quantum Entanglement: Allows distant qubits to be correlated in a way that classical
systems can'treplicate.
Quantum Teleportation: Transfers quantum states across the network using entangle
particles.
Quantum Repeaters: Special nodes that extend communication distances by performinc
entanglement swapping and storing qubit states in quantum memory.

¢.0.v. Unbreakable Security
« Quantum Key Distribution (QKD): Enables users to exchange encryption keys securely.
- Eavesdroppingalters the quantum state. making intrusion detectable.
« Prevents cyber-attacks like man-in-the-middle or signal interception thatare common ol

the classical internet.

¢.0.¢. Applications of the Quantum Internet
. Secure Communication: Military. government. and corporate data can be transmitted
without risk of decryption.

. Quantum Cloud Computing: Remote users access quantum computing resources via
entangled connections.

Quantum Sensor Networks: Synchronizing ultra-precise quantum sensors over large
distances for environmental monitoring or space exploration.

Tamper-ProofVoting & Financial Transactions: Trustless systems using quantum
protocols to ensureintegrity.
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¢.0.0. Global Developments and Initiatives

China’s Micius Satellite: Demonstrated QKD between ground stations y.v.. km apart
via satellite.

EU’s Quantum Flagship Program: Investing heavily in quantum network research.
U.S. Quantum InternetBlueprint: Afederal strategy to build a national quantum

communication backbone.

. Challengesto Realization

Quantum Signal Loss: Photons lose energy and coherence over long distances in fiber
optics.

No-Cloning Theorem: Quantum data cannot be copied. so traditional amplifiers /repea
don'twork.

Scalability: Developing stable. affordable. and room-temperature quantum devices fo
large-scale deployment.

Standardization: Lack of unified protocols and architecture across global research and
industries.

¢.0.v. The Future Vision

Afully secure. tamper-proofinternet with global reach.

The merging of classical networks and quantum backbones. creating hybrid
communication systems.

Connecting quantum computers. quantum sensors. and quantum users around the wol
to form the foundation of a new digital age.

¢.7. Introduction to Quantum Computing
Quantum computing is a revolutionary paradigm that harnesses the strange and

powerful principles of quantum mechanics to process information in fundamentally

new ways. Unlike classical computers. which use bits (.s and 1s) as the basic unit of

data. quantum computers use qubits—quantum bits that can exist in a superposition

of both . and \ atthe same time. This property allows quantum computers to perform

many calculations in parallel. Furthermore. qubits can be entangled. meaning the

state of one qubit is linked to the state of another. no matter the distance. These

features enable quantum computers to solve certain problems much faster than

classical computers.
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Forexample. quantum algorithms like Shor’s algorithm can factor large numbers exponentially
faster than the best-known classical algorithms—posing a challenge to existing encryption
systems. Though the technology is still in early stages. quantum computing holds promisein
fields such as cryptography. optimization. drug discovery. artificial intelligence. and material:
science. However . building reliable quantum computersis challenging due toissues like

decoherence. errorrates. and the need for extremely low temperatures.

¢.v. Quantum Parallelism (Many States at Once)

One of the most powerful concepts in quantum computing is quantum parallelism.
which refers to a quantum system’s ability to evaluate multiple input states
simultaneously. Thisis possible because of superposition. where a qubit can existin a
combination of both |-> and |)> states at once. When multiple qubits are in
superposition. the system represents a vast number of combinations at the same
time. For example. a r-qubit system in superposition can represent all A (+*) possible
combinations of bits at once. This parallelism allows quantum algorithms to explore a
large solution space in a fraction of the time it would take a classical computer.
However. the real power of quantum parallelism lies not just in evaluating many
states simultaneously. butin using interference and entanglement to amplify correct
answers and cancel outincorrectones. This principleis crucial in quantum algorithms
like Grover's search algorithm. which finds anitemin an unsorted databaseiny' N

steps instead of N steps. It's important to note that we can’t directly read out all

the parallel

states—measurement collapses the system. so the trick lies in carefully designing
algorithmsto

PArfLusR Ly QU GamERTGRED e superposition.

In classical computing. logic gatesare simple devices that perform operations on
one or more bits. such as AND. OR. and NOTgates. These gates are deterministic
and irreversible in many cases—once a bit is processed.itsprevious state may be
lost. Classical gates manipulate bits using electrical circuits and arelimited to binary
state changes. In contrast. quantum gates operate on qubits and follow the
rulesofunitary transformations. which are linear and reversible operations.
Common quantumgates include the Hadamard gate (which puts a qubit into
superposition). the Pauli-X gate(quantum equivalent of NOT). and the CNOT gate (a
two-qubit gate used in entanglement). Unlike classical gates. quantum gates can
perform operations that involve rotating states on the Bloch sphere. enabling

complex manipulations of quantum states. Also. quantum gates must be
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reversible. which means the input can always be retrieved from the output. Thisis essential
because information loss would violate quantum mechanics. Quantum circuits are composed o
sequencesofsuch gates. and theircombined behavior enables quantum algorithms that can
outperformclassical counterpartsinspecific tasks.

Feature Classical Gates Quantum Gates

Operate On Bits-orm Qubits (superpositions)

Examples AND. OR.NOT.NAND Hadamard. Pauli-X: CNOT. T-gate
Reversibitity — [ Oftenirreversible Alwaysreversible (unitary operations)
State Binarystates Compfexvectors onthe Blochsphere

nrorma Notalways preserved Always preserved (no information
Preservation loss)

Entanglement ot possible Possible with multi-qubitgates
Capability

NoO (Sequential processing) Yes (superposition + interference)

- Hadamard Gate (H): Creates superposition. Pauli-X Gate: Equivalent to
« classical NOT. CNOT Gate: Conditional operation that can entangle
« qubits. Quantum Circuits: Built by combining quantum gates: analogous

- toclassicalcircuits but exponentially more powerful for certaintasks.  |ogic

¢.v. Challenges: Decoherence and Error Correction

One of the most critical challenges in quantum computing is decoherence. which
refers to the loss of quantum information due to the interaction of a qubit with its
surrounding environment. Qubits are extremely delicate—they must be isolated
from vibrations. temperature fluctuations. electromagnetic interference. and even
cosmicrays. When a qubit decoheres. it loses its superposition and entanglement.
rendering the information unusable. This fragility limits the time available for
computation and increases the error rate. making large-scale quantum computing
extremely difficult. In addition to decoherence. quantum operations themselves
areproneto

errors. bothfromimperfect gate operations and readoutinaccuracies.

To address this. researchers are developing advanced quantum error correction
(QEO

techniques. Unlike classical error correction. which uses simple redundaggy.
quantumerror

correction must protect quantum information without directly measuring or copying
it—becalice



doingso collapses the quantum state. Thisis achieved using entangled logical qubits made fron
multiple physical qubits. Popular codes like the Shor Code and Surface Code are designed to

detect and correct bit-flip and phase-flip errors without destroying the information. However
implementing QEC requires many more physical qubits per logical qubit. often hundreds or
thousands. dramatically increasing the system size and complexity. Overcoming decoherenc
and developing scalable. fault-tolerant error correction are essential for making practical. relial

quantum computers areality .

¢.v.). Challenge: Decoherence

Definition: Decoherenceistheloss of quantum coherence when a qubitinteracts with its
environment.

Causes: Environmental noise. temperature fluctuations. magneticfields. radiation. material
imperfections.

Effect: Qubitslose their quantum behavior (superposition and entanglement). leading to errors
Impact: Limits computation time and makes quantumresults unreliable if not corrected.

¢.v.v. Challenge: Quantum Error Correction (QEC)

Problem: Quantum states cannot be copied (no-cloning theorem). so classical error correctio
methods don'twork.

Solution: Useredundant encoding of quantum information in logical qubits built from multipl
physical qubits.

Popular Methods:

« ShorCode-Encodes \ logical qubitinto 4 physical qubits.

« Surface Code -Highly fault-tolerant. scalable architecture requiring fewer operations.
Complexity: Requires enormous overhead—hundreds or thousands of physical qubits for one
logical qubit.

Goal: Achieve fault-tolerant quantum computing that can operate reliably even with noise an

hardware imperfections.

¢.A. Real-World Importance and Future Potential

Quantum computingis not just a theoretical marvel—it holds the potential to transform industri
and redefine computing aswe know it. In pharmaceuticals. it could revolutionize drug discoven
by simulating molecular interactions at a level no classical computer can match. reducing years

of R&D into weeks. In finance. quantum algorithms can optimize portfolios. assessrisksinreal-
time. and detect fraud faster and more accurately. Logistics and supply chain systems could be
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optimized on a global scale. saving billions through efficient resource allocation. Quantum-
enhanced Aland machine learning models could identify patterns and make predictions with fat
greater speed and precision than current models allow.

Moreover. quantum communication can enable secure data transfer through quantum key
distribution. making eavesdropping impossible and redefining cybersecurity. In the energy
sector. quantum simulations could lead to breakthroughs in battery technology and materials f
cleanenergy. Climate modelling and natural disaster prediction could become more accurate b
processing vast datasets through quantum simulations. Long-term. the quantum internet co
securely connect quantum computers worldwide. allowing for distributed quantum computing
Despite the hurdles. the future of quantum computing is bright. Governments. tech giants. al
startups alike are investing billions to make it areality.

Thetechnologyisstillinitsinfancy. butits disruptive potential isundeniable. Just as classical
computing gave birth to the internet. social media. and AI. quantum computing could be the
cornerstone of the next technological revolution. solving problems that today are beyond the

reach of even our most powerful supercomputers.

¢.A.yReal-World Importance

Healthcakdolecular modeling for drug discovery. protein folding. personalized medicine.
Finance:Portfolio optimization. market simulation. fraud detection. real-time decision making
Logistics:Route optimization. supply chain modeling. dynamic scheduling.

Cy bersecurity -Quantum-safe encryption and secure communication using quantum key
distribution (QKD).

Aland ML: Speeding up training of models. improving pattern recognition. enhancing data

analysis.

¢.A.v. Future Potential

QuantumInternet:Enables secure.high-speedglobal quantum communicatioand
networking.

Materials Sciencesimulating new materials for superconductors. batteries. solar cells.

Climate ScienceEnhances simulation models for weather. climate. and environmental changes
National Securitrotecting critical infrastructure with quantum encryption. predicting and
countering threats.

Economic Growthppens newindustries. job roles. and research domains with high innovation

potential.
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SYLLABUS
Unito

Applications. Use Cases. and the Quantum Future

Real-world application domains:

Healthcare (drug discovery).Material science. Logistics and optimization.
Quantum sensing and precision timing. Industrial case studies: IBM. Google.
Microsoft. PsiQuantum. Ethical. societal. and policy considerations. Challenges
to adoption: cost. skills. standardization. Emerging careers in quantum: roles.
skillsets. and preparation pathways. Educational and research landscape -India's
opportunityin the global quantumrace
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Applications. Use Cases. and the Quantum Future

o.+ Introduction

Quantum computing is poised to revolutionize numerous fields by solving
problems that are practically impossible for classical computers. In medicine. it
can simulate molecular interactions at an atomic level. enabling the discovery of
new drugs and personalized treatments. In finance. quantum algorithms may
drastically improve risk analysis. portfolio optimization. and fraud detection by
processing vast datasets in real time. In logistics and supply chain management.
companies like DHL and Volkswagen are already exploring quantum algorithms to
optimize delivery routes and reduce operational costs. Cybersecurity. too. is
expected to transform. as quantum computers may break current encryption
methods.

prompting the development of quantum-safe cryptography.

In artificial intelligence. quantum computing can enhance machine learning
models. enabling

faster training and better pattern recognition for applications like autonomous
driving or

language translation. Climate modelling is another significant use case. where
quantum

simulations can offer better predictions for global warming and natural
disasters. Material

science can benefit as well. with the discovery of new materials for batteries.

Ssu perconductors ¢

0. ) RFaI-worId application domains
orsolarpanels.

uantum technologies are increasingly moving from theory to real-world
oreover. quantum computing can simdlate quantum systems themselves. aiding
application. These technologies exploit principles of quantum mechanics—such as

Eﬁ%erpositiom entanglement. and quantum tunneling—to perform tasks that

cevelonment SLRSHELALAAME) CeNiSsradsetf 1ook Into the future. a quantum-

powered world

could bring disruptive innovation. but it will also require entirely new

programming models.

infrastructure. and ethical considerations to harness its full potential responsibly.
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Here are some real-world applications of quantum technologies. categorized by field:

o.1.)Healthcare

Drug Discovery

Drug discoveryisone of the most promising real-world applications of quantum
technologies. The process ofdiscovering new drugs involves simulating complex
molecules and chemical reactions—tasksthat are extremely difficult and time-
consuming for classical computers. Quantum computers offer a revolutionary
approach.

QUANTUM
COMPUTING
1IN

BIOMEDICINE &
HEALTHCARE

Fig.o. 1: The Potential Role of Quantum Computing in Biomedicine and Healthcare
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Quantum computing has the potential to transform drug discovery by simulating complex
molecular structures and chemical reactions interactions with unprecedented accuracy.
Classical computers struggle with these complex calculations due to the enormous number of
possible configurationsin large molecules. Companies like IBM. Google. and D-Wave. as well
as biotech firms like Biogen and Roche. are exploring this for faster drug development.
Quantum systems. however. can process these combinations more efficiently by leveraginc
guantum superposition and entanglement. This can significantly reduce the time and costo
discovering new drugs. Pharmaceutical companies are exploring quantum algorithms to
identify promising compounds and predict how they bind to target proteins. Personalized
medicine also stands to gain. as quantum simulations can model individual geneticvariations.
Thisleads to customized treatments that are more effective with fewer side effects.
Additionally. quantum computing can aid in optimizing clinical trials by selecting ideal patient
groups and predicting outcomes. Inthe future. quantum-enhanced drug discovery could

accelerateresponsesto pandemics and rare diseases alike.

Why Quantum Computing for Drug Discoverys

i. Molecular Simulation

Molecules follow the laws of quantum mechanics. Quantum computers can naturally model
these behaviors:

« Simulateinteractions between atoms and molecules.
« Predictmolecular properties and binding affinities.

« Understand reaction mechanisms atthe quantum level.

ii. Speed and Accuracy

Traditional supercomputers use approximations for quantum behavior. which
limits accuracy. Quantum computers can perform these simulations exponentially
fasterand more accurately. leading to:

. Fasterscreeningofdrugcandidates.

. Better prediction of side effects and efficacy.

90



iii. Reductionin Cost&Time
Traditional drug developmenttakes \.-yo years and billions of dollars. Quantum-enabled

simulations could significantly shorten R&D cycles.

Current Applications &« Progress

v. Protein Folding & Target Interaction
Quantum computers help simulate how proteins fold and how drugs bind to them.

Understanding folding is critical for targeting diseases like Alzheimer’s. cancer. and viral
infections.

v. Chemical Reaction Simulation

Modeling how a candidate drug behaves inthe human body.

Example: BASF and Zapata Computing work on reaction pathway predictions.

Table ..y Companies and Research Labs Involved

Organizatio Contribution
n TIRM Cirmrilatad crmallmalacidaclibal ilkd anmdAd Ralld  Callalbarats:
L = SDITTIUTIdlCTU S iIai 1rMmMOICcCUICS IMTAT LIirT arifia pcriz \.UlldUUldLIﬂ]g
Quantum with biotech firms.
Simulated basic molecules using Sycamore guantum processor
Google Quantum AI 22) A g :
Evnlorina atantium annealinaformolecile ontimization
D_Wave I_I\HI\JI m IH \.1UUI cartrrarimmreannm Ig TOT 111rorcecCurnre \JPLII TmZacrourt
. - Collabhoaratinawith Ovantiniiiim and (':mhrirlnnﬂllnnhlrr]for
AstraLeneca SUTnmauououiIraci IS \VA'RAY N \.(uul aarrauaritTarrTaoa Cadrrmnoi I\JH\_ \.(uul canj
drugdesign
Roche &  Boehringer Partnering with quantum startups to simulate complex molecules
Ingelheim
ProteinQure Uses quantum computergor protein-drugnteractions and
optimization

o.).y Material Science

Quantum technologies are transforming material science by enabling scientists to
discover and design new materials with unprecedented accuracy and speed.
Quantum computers and

91



guantum simulations help model complex atomicinteractions that are too difficult for classical
computersto handle.

Why Use Quantum Technologies in Material Sciences

v.Quantum systems obey quantum rules

Traditional materials modeling often relies on approximations. Quantum computers simulat
matter at the quantum level—electrons. bonds. energy states—without such approximation

v.Designing from the atom up

- Quantumtechnologies allow researchersto:

- Discovernew superconductors.

- Designstronger. lighter alloys.

« Engineer better batteries. semiconductors. and catalysts.

Quantum computing enables the accurate simulation of material behavior atthe atomiclevel
which is difficult for traditional systems to achieve. This opens the door to discovering new
materials with tailored properties for use in industries such as energy . electronics. and
aerospace. Forinstance. researchers could design more efficient superconductors. lighter al
stronger metals. or advanced polymers for biodegradable packaging. Quantum simulations
allow scientists to test and tweak atomic structures before they are physically created. saving

time and resources.
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Fige.v: Quantum Computing and Simulations for Energy Applications
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The development of better batteries—like solid-state or lithium-air types—can also be
accelerated through quantum methods. Solar panel efficiency could be significantly improvec
by finding materials that better convert sunlightinto electricity. High-performance computine
already assistsinthese areas. but quantum systems bring the necessary scale and precision. T
ability to model quantum effects directly makes quantum computing an ideal tool for material
science. Itmaysoon lead to breakthroughsin sustainability. electronics. and manufacturing.

Forexample. Volkswagen is using quantum computing to simulate battery materials.

o.1.v Logistics and optimization

Quantum computing is set to revolutionize logistics and optimization problems that
are computationally intensive for classical systems. These include route
optimization. supply chain management. inventory forecasting. and delivery
scheduling. Quantum algorithms like the Quantum Approximate Optimization
Algorithm (QAOA) are being explored to solve such combinatorial problems more
efficiently.

o Conventional computing is used to sync with operating models that need to continuously compute and recalculate optimal routes of traffic management,

fleet actraties, airport requlation, cargo and distribution, and that could seriously affect applications
o Some of these tasks are more complex for a classic computer but can perform quite efficiently with quantum computers

o Two common approaches to solve these issues are — Quantum Annealing and Universal Quantum
o Add text here

Advanced dynamic route optimization

Quantum Computers
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¥ b
'. I Maximize simultaneous packing of parcels
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Figo.v: Quantum Computing Applications In Logistics And Supply Chain
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Companies like DHL and FedEx are investigating quantum solutions to reduce delivery times
and costs. especially under variable constraints like trafficand weather. In manufacturing.
guantum systems can optimize production line workflows and resource allocation . Airlines
could use quantum methods to improve aircraft scheduling and crew assignments. As logistics
grow more complexwith global trade. the ability to find near-optimal solutions rapidly become
a competitive advantage. Classical computers reach limitations quickly with these NP-hard
problems. whereas quantum systems scale better. In the near future. logistics powered by

guantum computing could redefine speed and precisionin global commerce.

o.).¢ Quantum sensing and precision timing

Rarares sesstresimgque properties of quantum systems—such as superposition.
entanglement. and quantum tunneling—to detect and measure physical quantities with extre

precision. Unlike classical sensors. which are limited by thermal noise and other environmentz
interferences. quantum sensors exploit the sensitivity of quantum states to detect incredibly
subtle changesin environmental parameters. These include magnetic fields. gravitational
anomalies. electricfields. acceleration. and rotation. As a result. quantum sensing is opening
up new frontiersin areas thatdemand ultra-high sensitivity and accuracy.

Forexample. quantum sensors can detect minute changes in magnetic and gravitational field:s
enabling earlier earthquake detection or underground resource mapping. In healthcare. th
may allow for more accurate brain scans or non-invasive diagnostics. Precision timing. power:
by quantum clocks. ensures ultra-accurate synchronization. essential for global positionin
systems (GPS). financial trading networks . and secure communications.

This technology promises breakthroughsin fields that require extremely sensitive instruments
such as medical imaging. geological surveying. and navigation.. These quantum clocks are fa
more stable and precise than currentatomic clocks. Defense and aerospace sectors are alsc
interested in quantum sensors for inertial navigation systems that don’trely on GPS.

One of the most promising applications of quantum sensing is in geophysical and geological
surveying. Forinstance. quantum gravimeters can detect underground voids. mineral
deposits. and water sources by sensing tiny variations in gravitational fields. This has significar
implications for oil and gas exploration. mining. archaeology. and even tunnel detection for
military use. Similarly. quantum magnetometers can detect minute changes in magnetic
fields. which can be used to monitor volcanic activity or predict seismic disturbances—enablinc
early earthquake warning systems that could save lives.
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Inthe medical field. quantum sensors are expected to revolutionize diagnostic techniques.
Technologies such as quantum-enhanced magnetoencephalography (MEG) and
magnetocardiography (MCG) could allow for highly detailed and non-invasive monitoring

of brain and heart activity. These tools offerimproved resolution compared to conventional
imaging systems and can help detectabnormalities at much earlier stages. contributing to ear
diagnosis and treatment of neurological or cardiac disorders.

Another criticaldomainis precision timing. where quantum clocks—often based on optical
transitionsin atoms like strontium or ytterbium—offer accuracy several orders of magnitude
higher than traditional atomic clocks. These clocks are capable of maintaining time so precisely
thattheywould lose less than a second over the age of the universe. This level of precisionis
essential forawiderange of applications: GPS and satellite navigation. which require
synchronized clocks to triangulate location« high-frequency financial trading. where
nanosecond timing accuracy can determine the success of transactions: and quantum-secur
communication networks. which rely on exact timing to distribute quantum keys securely.
Indefense and aerospace. quantum sensors play a pivotal role in developing inertial
navigation systems that do notdepend on GPS signals. These systems can guide submarines.
aircraft. or spacecraftaccurately. even when satellite signals are jammed or unavailable. As
geopolitical and space-based threats grow. the ability to operate independently of GPS is
becoming a strategic necessity.

As quantum sensor technologies mature and become more compact and energy-efficient. the
are likelyto be integrated into consumer-grade electronics. Future smartphones. wearables.
and health devices could incorporate quantum-enhanced sensors for more accurate fitnes:
tracking. health diagnostics. and even environmental monitoring. Such capabilities would
quietly yet significantly change how individuals interact with and understand the world around
them.

As the technology matures. everyday devices like smartphones and wearables may include
guantum-enhanced sensors for better tracking and diagnostics. Theimpact of quantum sensi
could quietly but profoundly reshape how we measure and perceive the world.

In this. quantum sensing and precision timing stand to redefine the limits of
measurement and detection across multiple sectors. Their impact. though often
behind the scenes. will be foundational in enabling next-generation technologies
in science. security. health. navigation. and communication. As these tools move
from the lab to real-world deployment. they will play acritical role in building a

more precise. responsive. and interconnected future.
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o.vIndustrial case studies:

o.v.AIBM

IBM has been one of the earliest and most active players in the quantum computing
industry. Its flagship platform. IBM Quantum. provides cloud-based access to
quantum processors. allowing researchers. students. and developers to
experiment with quantum algorithms. IBM introduced the Qiskit open-source
framework to encourage quantum programming and research collaboration.

Their IBM Quantum System One. the world’s first integrated quantum system for

commercial

use. has been deployed in multiple locations globally. IBM’s roadmap is transparent
and

ambitious— they aim to scale quantum hardware from hundreds to thousands of
qubits using

error-corrected quantum processors. IBM is also making progress in quantum error
correction. recently demonstrating the use of quantum LDPC (Low-Density Parity-
Check) codes. which are essential for building reliable. large-scale quantum
systems. Their v.yr milestone—the ¢rr-qubit “Osprey” processor—showcases their
hardware scalability. By y-vo. IBM plans to release Condor. a processor with over
ve+++ qubits. further pushing the envelope. IBM is pioneering modular quantum
computing. where smaller quantum chips are interconnected to function as a larger
system. This approach mirrors classical multi-core processing and is crucial for
scalability. In parallel. IBM continues to enhance Qiskit Runtime. an execution
environment that optimizes quantum circuit performance through advanced
compilation and error mitigation. IBM also publishes a transparent quantum
roadmap. updated annually. which guides developers. educators. and researchers
globally. Their presence in quantum education is unmatched. offering resources
like Quantum Composer. hands-on labs. and hackathons through the IBM
Quantum Network. Collaborations with organizations such as CERN and MIT
underline their

leadership in open science. IBM’'s dual commitment to technological progress and
community

development positionsitas a central pillarin the global quantum ecosystem.
Notably. IBM is collaborating with industries such as healthcare. finance. and

chemicalsto

apply quantum computing to real-world challenges. including molecule
simulation. portfolio 96

optimization. and materials discovery. They have also partnered with governments

and



o.Y.YyGoogle
Google captured global attentionin y.ya when it claimed quantum supremacy—

demonstrating thatits sv-qubit processor “Sycamore” could perform a specific computationin
v.+ seconds that would take the best classical supercomputer thousands of years. While the
practical value of the task was debated. the experiment marked a significant milestonein
quantum hardware progress.

Google’squantumresearch division is focused on building a fault-tolerant quantum
computerwith y million physical qubits. They are exploring use casesin AlL. optimization. and
quantum chemistry. Googleis also investing heavily in error correction techniques to make
large-scale quantum computing viable.

Googleisalsoaquantum Al hybrid model. where classical and quantum systems workin
tandem to accelerate tasks like data clustering . patternrecognition. and neural network traini
Their Quantum Al Campusin Santa Barbarais home to cutting-edge labs where innovations

in cryogenics. qubit calibration. and quantum firmware are rapidly advancing. Google’s tean
has made important strides in quantum error suppression through techniques like zero-noise
extrapolation and quantum benchmarking. Their recentwork on surface codes and logical
gubits shows measurable progress toward fault tolerance.

Their bold long-term vision includes integrating quantum computing with classical systems an
cloudinfrastructure. As atech leader. Google’'s work is influencing academic and industrial
agendasworldwide. accelerating innovation and competition inthe quantum space.

Beyond hardware. Google actively contributes to the open-source quantum community throu
Cirgand TensorFlow Quantum. allowing Al researchers to explore quantum-enhanced
machine learning models. Google’s Quantum Computing Service aims to eventually offer
practical applications through Google Cloud. bringing enterprise-level quantum access intc
mainstream business. Their partnerships with institutions like UC Berkeley and ETH Zurich
are advancing research in quantum simulation and condensed matter physics. With a strong
emphasis onlongterm scalability. Google’'s approach balances scientific rigor with practical
engineering. Its bold goal—achieving a commercial-grade. error-corrected quantum compu
this decade—drives much of the industry’s pace

o.Y.rMicrosoft
Microsoftis approaching quantum computing from a full-stack perspective. Unlike

IBM and Google. Microsoft is working on topological qubits. a type of qubit
expected to be more stable and less error-prone than traditional ones. While
topological qubits are still in early stages.
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Microsoftis simultaneously providing tools and platforms through Azure Quantum. a
cloudbased ecosystem that offers access to quantum hardware and simulators from multipl
vendors.

Azure Quantum’s integration with Microsoft’s cloud ecosystem gives users access to quantum
solutions alongside tools like Azure Al and Azure HPC—bridging classical and quantum
workflows. Microsoft’s Quantum Innovator Series and technical documentation have been
influential in educating enterprises on how to prepare for the quantum era. They are also
focusing on quantum-resilient cryptography. developing protocols that can withstand both
classicaland quantum attacks. By building an abstraction layer across diverse hardware.
Microsoftis enabling developers towrite once and deploy across platforms. accelerating
application prototyping. Their end-to-end approach reflects a deep commitment to usability
scalability. and enterprise adoption.

Their Quantum Development Kit (QDK) includes Qgz . a programming language designed

specifically for quantum algorithms. By focusing on integration and developer accessibility .
Microsoft’s contribution lies not only in quantum research but also in making quantum
technologies available and practical for developers and organizations across various sectors.
Microsoftis also deeply invested in quantum error correction. actively exploring Majorana
fermions—exotic particles believed to make topological qubits naturally error-resistant. Their
StationQlab. headquartered at UC Santa Barbara. focuses on this ambitious path. which . if
successful. couldleap ahead of current noisy qubit approaches. Microsoft has also establishec
partnerships with academicinstitutions and quantum startups to develop hybrid
guantumclassical algorithms tailored for early business use cases. They emphasize the
importance of resource estimation tools. allowing developers to assess what kind of quantum

systemisrequired toruna givenalgorithm.

o.Y.¢PsiQuantum

PsiQuantum takes a unique and bold approach to quantum computing by building a
photonic quantum computer using conventional semiconductor fabrication
techniques. Their goal is to build a fault-tolerant. million-qubit quantum computer
using photons as qubits instead of superconducting circuits. PsiQuantum’s
photonic approach benefits from the low decoherence of photons. which can travel
long distances without interacting with their environment—a major advantage over
fragile superconducting qubits. Their system uses linear optical elements. such as
beam splitters and phase shifters. along with single-photon sources and detectors.
which can be manufactured using standard CMOS fabrication techniques. This
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positions PsiQuantum to benefit from existing semiconductor supply chains and reduce
hardware costsinthelongrun.

They are alsoinvesting in cryogenic electronics and quantum-classical control systems that
canscalewith photonicarchitectures. PsiQuantum has filed numerous patents related to fault
tolerant architecture design. photon routing. and quantum error correction. highlighting
the depth of their IP strategy. The firm collaborates with government agencies like DARPA
and national laboratories. andis exploring applications in energy optimization. quantum
networking. and climate modeling. Though stillin stealth for some aspects of their
technology. PsiQuantum aims to build a utility-scale quantum computer that could run
meaningful applications with full error correction. Their combination of high ambition.
deep physics. and scalable engineering could allow them to emerge as a disruptive force in
the globalquantumrace.

This design choice aimsto solve scalability and error correction challenges from the ground up
Unlike other quantum startups. PsiQuantum emphasizes working with existing silicon foundri
to leverage mature infrastructure and reduce manufacturingrisk. Although their systems are
yet publicly available. the company has received significantinvestmentand is partnering with
industry leaders and government bodies to advance its technology . If successful. PsiQuantun
could leapfrog traditional architectures by introducing a scalable and manufacturable approac

toquantum hardware.

o.v Ethical. societal. and policy considerations

As quantum computing moves from theoretical promise to technological reality. it
raises profound ethical. societal. and policy questions that demand proactive
attention. One of the foremost concerns is the potential to break existing encryption
standards. Quantum algorithms like Shor’s algorithm could render RSA and ECC
encryption obsolete. risking exposure of sensitive data. national security secrets.
and private communications. This necessitates the urgent development and global
adoption of post-quantum cryptography to future-proof digital systems. Societal
inequality isanother majorissue. If quantum computing remains accessible only to
wealthy corporations or powerful governments. it could widen the digital divide and
reinforce

global disparities. Open-source tools. educational programs. and public-sector
funding are essential to democratize access and ensure that quantum benefits are
shared across societies. Job displacement and workforce transformation will also
follow. While quantum technology creates new opportunities. it may disrupt

industries by automating tasks or shifting
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required skillsets. Preparing a new generation of quantum-literate professionals will requir
major reformsin education. including curriculum updates and reskilling initiatives for existing
workers.

Bias and fairnessin quantum-enhanced Al systems pose risks aswell. If data and algorithms
are biased at the classical level. quantum acceleration could magnify these biases atscale.
Ensuring transparency. explainability. and ethical use of quantum algorithms becomes crucia
especiallyin high-stakesfields like finance . healthcare. and criminal justice.

From a policy perspective. governments must develop frameworks for international
cooperation. cybersecurity. export controls. and intellectual property related to quantum
technologies. Just as nuclear technology required treaties and safequards. quantum computi
callsfor regulatoryforesightto prevent misuse and promote peaceful innovation.

Ultimately. responsible quantum development must balance scientificambition with humar
values. A collaborative approach—uniting governments. academia. industry. and civil
society—is key to ensuring that quantum advancements uplift humanity without compromisir

security. privacy. orequality.

o.¢ Challengesto adoption: cost. skills. standardization

The road to mainstream adoption of quantum computing is filled with significant
challenges. the most immediate being cost. Building and maintaining quantum
systems—especially those based on superconducting qubits— requires not only
sophisticated technology but also environments cooled to near absolute zero.
typically using expensive dilution refrigerators. The infrastructure needed to
support such systems involves complex shielding from electromagnetic
interference. ultra-stable power sources. and precise control equipment. These
requirements drive up capital and operational expenses. making it nearly
impossible for small startups. educational institutions. or developing countries to
participate meaningfully in quantum

research and development. As of now. only a handful of tech giants and
government-backed

research labs possess the resources needed to invest in such large-scale quantum

initiatives.

Beyond cost. the shortage of skilled professionals in the quantum ecosystemis a
pressing

concern. Quantum computing is a multidisciplinary domain that spans quantum
mechanics.

advanced mathematics. classical and quantum algorithms. and computer
engineering. However. 100

academic programs offering dedicated training in quantum information science are

still limited.



absorbed into elite roles within top-tier tech companies or academicinstitutions. further limitil
broad-based industry access.

The skills gap also hampersinnovation. Without a sufficiently large and well-trained
workforce. progressinalgorithm design. hardware testing. and software integration slow
considerably. This shortage extends to educators and trainers as well. meaning thatscalingu
learning programs isitselfa challenge. Governments and educational institutions have starte
investing in quantum literacy initiatives. but progressis slow compared to the pace of
technologicaladvancement.

Quantum computing demands a rare combination of knowledge in quantum physics.
mathematics. computer science. and engineering. As aresult. the number of trained
professionals capable of designing. building. and programming quantum systemsiis criticall
low.

Another formidable barrieris the lack of standardization across the quantum computing
ecosystem. In classical computing. universal programminglanguages (like C. Java. or Python)
standardized chip architectures (like xA1or ARM). and defined protocols for data exchange
have created an ecosystem where hardware and software can evolve rapidly and cooperatively
In contrast. the quantum world remains fragmented. Each hardware vendor—whether workir
onsuperconducting qubits. trapped ions. photonic systems. or topological qubits—uses uniq
control systems. programming environments. and error correction methods. As aresult.
software written for one platformisrarely portable to another. making collaboration and syste
integration difficult.

The absence of standardization also means there is no shared benchmarking system to measu
progress objectively across platforms. This makes it harder for organizations to make informe
decisions about which quantum technologiestoinvestin. and for researchersto compare resu
and replicate studies. Without agreed-upon protocols. it's also difficult to ensure compatibilit)
between different layers of the quantum computing stack—from hardware to middleware tc
application software.

Until these core challenges—cost. workforce skills. and system standardization—are
addressed. quantum computing will continue to remain largely in the domain of research anc
experimentation. For the technology to achieve widespread adoption and commercial viability
there must be concerted efforts by governments. academia. and industry to democratize acce
investin education. and agree on shared frameworks and protocols. Only then can the true
transformative potential of quantum computing be fully realized across sectors such as

healthcare. finance. energy. logistics. and beyond
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.0 Emerging careersinquantum : roles. skillsets. and preparation pathways
Therise of quantum computing is generating an exciting array of new career opportunities.

blending physics with computer science. mathematics. and engineering. As quantum
technologies move closer to practical application. the demand for skilled professionals is
growingrapidly. Among the most prominent emerging rolesis the Quantum Software
Developer. responsible for writing algorithms tailored to quantum computers using special
frameworks such asIBM'’s

Qiskit. Google's Cirq. Xanadu's PennyLane. or Microsoft's Qgz.. These developersworkon
creating quantum programs for applicationsin cryptography. optimization. chemistry. and
machine learning. Another critical role is that of the Qquantum Hardware Engineer. who
designs. tests. and maintains the delicate physical systems—such as superconducting circuit:
iontraps. or photonic chips—that serve as the backbone of quantum computation. These
engineers must understand cryogenics. quantum control systems. and the physics of qubit
interactions. Their work ensures the reliable operation of quantum processors under extrem
environmental conditions.

Quantum Researchers and Quantum Algorithm Scientists play a foundational role in

pushing the frontiers of the field. They focus on developing more stable and error-resistant
qubits. inventing novel quantum algorithms. and improving quantum error correction and fat
tolerance mechanisms. Many of these professionals work in academia or research labs but are
increasingly being recruited into private-sector R&D roles.

In parallel. Quantum Information Scientists work on the theoretical aspects of how quantum
systems process. transmit. and secure information. Their insights underpin advancesin are:
like quantum cryptography. quantum communications. and entanglement-based networks.
Meanwhile. the industry is seeing the emergence of roles such as Quantum Systems
Integrators. who bridge the gap between hardware. software. and applications—ensuring th
guantum components work together efficiently across the tech stack.

With the growing intersection of business and quantum. companies are also hiring Quantum
Product Managers. who guide the development and delivery of quantum solutions aligned
with customer needs and markettrends. Similarly. Quantum Cybersecurity Analysts are
becomingvitalin preparing organizations for a post-quantum world by analyzing encryption
vulnerabilities and implementing quantum-safe cryptographic protocols.

Therequired skillsets for these careers are diverse but generally include a strong foundationin
guantum mechanics. linear algebra. probability theory. and classical programming

languages like Python or C++. Knowledge of quantum programming platforms. familiarity
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with quantum gates and circuits. and experience with simulation tools are increasingly
expected. In hardware-related roles. additional expertise in electrical engineering.
nanofabrication. cryogenics. or optics may be essential .

To prepare foracareerin quantumtechnologies. students and professionals can pursue form

degreesin physics. computer science. mathematics. or electrical engineering. Many

universities now offer specialized quantum computing master’'s programs.
interdisciplinary

rhipsanhuhe talas cRessistsntsdermng flexible learning paths.

numerous online platforms—including edX. Coursera. QuTech Academy. and MITx—offer
guantum computing courses. Additionally. companies like IBM. Microsoft. and Google
provide free tools and resources for self-learning and experimentation.
Hands-ontrainingisincreasingly vital. Platforms such asIBM Quantum Experience. Azure
Quantum. and Amazon Braket allow users to access real quantum hardware and simulators.
Industry certifications. hackathons. internships. and quantum developer bootcamps are also
emerging as effective ways to gain practical exposure and build credibility inthe field.

As quantum technology evolves. so too will the career landscape. Interdisciplinary
collaboration— combining physics. engineering. Al. and cybersecurity—will be essential.
Lifelong learning and adaptability will remain key traits for anyone aiming to build and sustain
asuccessful careerinthe quantum workforce of the future.

o.1Educational and researchlandscape -India's opportunity in the global quantumrace

India is uniquely positioned to play a pivotal role in the global quantum revolution.
thanks to its vast pool of scientific talent. growing technology infrastructure. and
increased policy-level attention to emerging technologies. Recognizing the
transformative potential of quantum computing The Indian government launched
the National Mission on Quantum Technologies & Applications (NM-QTA) with a
significant outlay of €A .. crores (around s\ billion USD). Premier institutes like IISc
Bangalore. IIT Bombay. Delhi. Madras. and Kharagpur. and Tata Institute of
Fundamental Research (TIFR) are at the forefront of academic research in quantum
physics and quantum computing. These institutions are engaged in pioneering
work on quantum algorithms. quantum key distribution (QKD). quantum error
correction. quantum optics. and quantum materials. In parallel. specialized
quantum research labs are being established in collaboration with government
agenciessuchas DRDO. ISRO. and DST. further expanding India’s R&D footprint.
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Educationalinitiatives are also gathering momentum. Universities are beginning to offer
elective and degree programs in quantum information science. and efforts are underway to
integrate quantum modules into engineering and physics curricula at both undergraduate anc
postgraduate levels. The Quantum Computer Simulator Toolkit (QSim). launched by the
Ministry of Electronics and Information Technology (MeitY). is an important step toward
democratizing quantum education. QSim allows students and researchers to develop and te:
guantum algorithms on simulated environments without needing access toreal quantum
hardware.

Despite this promising start. India must address several systemic challenges to fully harness it
potential. Amajor bottleneckis the shortage of trained faculty and researchers who specialize
inquantum science. Additionally. infrastructure gaps—such as the lack of high-fidelity
gquantum hardware. advanced fabrication labs. and dedicated quantum computing centers
impede rapid progress. Thereis also a pressing need to foster deeper industry-academic
collaborations. which remain limited compared to global counterparts.

To bridge these gaps: public-private partnerships (PPP) must be scaled up. Tech companies
like TCS. Infosys. and HCL are beginning to explore quantum computing applications and
canplay avitalrolein commercializing academic research. India should also focus on
international collaborations with leading quantumresearch hubsinthe US. EU. Canada. and
Japanto gain accessto expertise. platforms. and funding. Encouraging student participatio
through quantum hackathons. fellowships. and globalinternships will further energize the
ecosystem.

With its robustIT and software industry. deep mathematical and scientificbase. and strong
policy direction. India has the potential not only to catch up with global quantum leaders but
alsotoleadinselectareas such as quantum software development. theoretical quantum
research. quantum cryptography. and simulation technologies. For thisvisionto

materialize. along-term commitmentto curriculumreform. faculty development. infrastruct
investment. and ecosystem collaboration is essential.

IfIndia leverages these strengths strategically. it can transform from a follower to a global
innovator in quantum technologies—contributing significantly to secure communications.

nextgeneration computing. precision medicine. and national defence.
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