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Quantum

Science

20th century: a new theory of matter and energy was emerging

— unsatisfied with classical explanations



Usetul appliances:

First revolution of quantum technology

Transistors,
nuclear magnetic resonance used for MRI scans,

Transistor




Usetul appliances:

First revolution of quantum technology

No complete use of quantum mechanics



Quantum
Science

Second revolution of Quantum Technologies



1+ Quantum computer




Quantum communication




- Other quantum devices

1 Q sensors, q batteries, q simulators .= 2
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Potentially deep social impact

May lead to nation’s further development

Second revolution of Quantum Technologies




Quantum Computer

Quantum
Science

Second revolution of Quantum Technologies



Quantum Computer
Q Algorithms, Q error correction, Q gates....
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PRIME FACTORIZATION

Task : Finding prime factors of an integer

20123648

Prime Factors of 20123648;:
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PRIME FACTORIZATION

Task : Finding prime factors of an integer

S YYNELIVEYIVELIVEL Y AVEL Y PAREYPLIVE] —> 35 digit

5.87521*10!! steps
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130 seconds

Thanks to Tamoghna Das




82 1.1 year
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PRIME FACTORIZATION

To factor an n-digit number, an
algorithm 1n our computer may

take huge time

exp(®(n'/3 log?? n))
n-bit integer

M. Nielsen & |. Chuang, Cambridge University Press, (2010)




Jexp(@(nl/ > log273 n))




PRIME FACTORIZATION

exp(@(n!/3 log?’? n))

Quantum mechanics promises qualitatively
better efficiencies than its

classical counterpart:

“Shor’s algorithm™

O(n* log n log log n) SHOR, ‘94



PRIME FACTORIZATION

exp(@(n!/3 log?’? n))

Quantum mechanics promises qualitatively
better efficiencies than its P
classical counterpart: , ‘

Breakthrough discovery & “Shor ,S algorithm’9

motivation for
quantum computer

n’ log n log log n) SHOR, ‘94



PRIME FACTORIZATION

Quantum vs Classical

20x 109}
Classical
1.5x%10° |
1.0x100} J u
| | exp(@(n'/ log”* n)) _
500000 | O(n? log n log log n)
Quantum -
of—

0 40 60 80 100
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PRIME FACTORIZATIO

Quantum supremacy using a programmable "ot 3¢

superconducting processor o 00 00 & Fraseavigu
d o OxO Oxb OxQ OxQ OxO .X

Frank Arute, Kunal Arya, [...] John M. Martinis & x‘ OXQ OxO OxQ Qx’ OxQ
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» Google claims that Q computer can finish a

task in 3 minutes and 20 seconds while a
classical supercomputer requires 10,000 years. X’ Oxo ’X’ Oxo Oxo oxo
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Google claims 'quantum supremacy' for
computer

23 October 2019 Share < Save +

Paul Rincon
Science editor, BBC News website



PRIME FACTORIZATION

On 21 October, it announced that, by tweaking the way Summit approaches the task, it can do

it far faster: in 2.5 days. IBM says the threshold for quantum supremacy—doing something a
classical computer can't—has thus still not been met. The race continues. Read our 23

September story here:

» Google claims that Q computer can finish a
task in 3 minutes and 20 seconds while a
classical supercomputer requires 10,000 years.

» Researchers in Beijing say they took a different
approach that saw 60 graphics processors
complete the job ‘in about five days’




Quantum Computer @HRI

Q Algorithms, Q error correction, QQ gates....

1. How quantum circuits gets atfected by noise? so quantum algorithms?...



Quantum Computer @HRI

Q Algorithms, Q error correction, QQ gates....

1. How quantum circuits gets affected by noise? so quantum algorithms?



Universal quantum gates

Clasgical Gates

AND, OR and NOT

NAND




Clasgical Gates

AND, OR and NOT

NAND

Universal quantum gates

Quantum Gates

Hadamard gate . \?(\0>+\1>)
1) >\/§(\0>—|1>)

00) — |00)

CNOT gate  |01) — |01)

.. T 10) — |11)

11) — |10)




Quantum circuits
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Quantum circuits
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Quantum circuits
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Finding optimal g circuits — a challenge



Quantum circuits

S. Mondol, S. K. Hazra, ASD, arX1v:2302.06574
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F

inding optimal q circuits — a challenge
Understanding — capabilities of q gates




Quantum circuits
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Robustess of quantum gates



Measurement-based Q computer

Initial state
preparation

$ 7 4=




Measurement-based Q computer

nearest-neighbor interactions

[nitial state ey Evolve with
preparation suitable Hamiltonian




Measurement-based Q computer

nearest-neighbor interactions
Measurements on

[nitial state Evolve with il evolved state
preparation suitable Hamiltonian (gate implementation)

Raussendorf, Briegel: Phys. Rev. Lett (2001), Nat Phys. 2009
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Measurement-based Q computer

nearest-neighbor interactions
Measurements on

[nitial state Evolve with il evolved state
preparation suitable Hamiltonian (gate implementation)

Long-range interactions




Measurement-based Q computer

Measurements on

Initial St e | Evolve With | — evolved state
preparation suitable Hamiltonian (gate implementation)
/’Jij\\
¢ & dpulpityply 2 4o o
) J Hl] =¢1]( 2(1))( 2(1))
i—j < Z Long-range interactions

by == =]i}a=

Spatial distance between the
lattice sites, 1 and .



Measurement-based Q computer

Measurements on

Initial state ) Evolve with il evolved state
preparation suitable Hamiltonian (gate implementation)
Is 1t suitable for MBQC?

" Entanglement” properties?

Long-range interactions




Measurement-based Q computer

[ .ong-range interactions
sTTalls Measurements on

preparation Suitable Hamiltonian (gate implementation)
x10~2
8.
6| ——-2D —--
G2r 1o |(1) Possible to create maximum multipartite

2 entanglement as NN case.
0-_
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Initial state )

preparation

Measurement-based Q computer

Long-range interactions

Evolve with
Suitable Hamiltonian

8 :

x102

, ___2D;.g;m

- . i[
x10~
.

Measurements on
—— evolved state

(gate implementation)

@ |(1) Possible to create maximum multipartite

entanglement as NN case.

(2) It can detect transition points efficiently.

Ghosh, Agarwal, Halder, ASD: Phys. Rev. A (2024)



Pathways
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HOW CAN WE BE SURE?

OH AL/CE.. YOURE

Aim: Sending iQf/o from A to B

classical or quantum
Bob

Sender Receiver

Classical computer unit:

Bit = one of 10, 1; quantum state
Bhubaneswar —> 01100011001010....
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7 | @uaN7um WORLD
HOW CAN WE BE SURE?

OH AL/CE.. YOURE

Aim: Sending iQf/o from A to B

classical or quantum
Bob

Sender Receiver

Classical computer unit:
Bit = one of {0, 1}

qubit
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HOW CAN WE BE SURE?

Aim: Sending iQf/o from A to B

classical or quantum

Sender

Classical computer unit:
Bit = one of {0, 1}




provides better efficiency than their classical counterparts

Aim: Sending in/o from A to B

classical or quantum

&
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§
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Classi(;al computer unit:
Bit = one of {0, 1 quantum state
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provides better etficiency than their classical counterparts

ﬁ
Aim: Sending | fo from A to B

classical or quantum

/

Q dense coding Q teleportation

1992-93



Aim: Sending | fo from /@

y . .
classical or quantum '

/

Q dense coding Q teleportation

1992-93



| ] [ L S5 I O B | | | | | [ ) ()
\\_/ v e N AL \_/L.__/l Y L U, U \\_/ N A/ \\_/ \ ) \/ \ )

+ vides better etficiency than their classical counterparts

ﬁ
Aim: Sending | fo from A to B

)

classical or quantum

AN

Q dense coding
2004 —-



OH ALICE.. YOURE

BUT 80F.. IN A

QuAaN7um WORLD
HOW CAN WE BE SURE?

Eavesdropper




Usefulness of
Secure Communication

World Wa.r II
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Example: Caesar cipher

Plaintext (message):
Ciphertext:

Method: shift 3 places forward to encode

shift 3 places backward to decode



Alice Bob

Plaintext: 01010110



Alice Bob

Plaintext: 01010110

Key: 00111001



Alice Bob

Plaintext: 01010110
Key: 00111001

Ciphertext: 01101111

Encoding:
Ciphertext =
Plaintext + key (modulo 2)



_

Alice Bob
Plaintext: 01010110 Ciphertext: 01101111
Key: 00111001

- Qo
Ciphertext: 01101111 §’
I8
ok

Encoding:
Ciphertext =
Plaintext + key (modulo 2)



_

Alice Bob
Plaintext: 01010110 Ciphertext: 01101111
Key: 00111001 ¢ | . Key: 00111001

- Qo
Ciphertext: 01101111 §’
I8
ok

Encoding:
Ciphertext =
Plaintext + key (modulo 2)



Alice Bob

Plaintext: 01010110 - Ciphertext: 01101111

Key: 00111001 ¢ | . Key: 00111001

Qo
Ciphertext: 01101111 25 Plaintext: 01010110
S
ol

Decoding:
Plaintext =
Ciphertext + key (modulo 2)

Encoding:
Ciphertext =
Plaintext + key (modulo 2)



°It 1s completely secure.

"BUT, one must have a method for Alice and Bob to
share a secret key, 1.e.




It 1s completely secure.

"BUT, one must have a method for Alice and Bob to
share a secret key, 1.e.

a random binary sequence at Alice, & the same at Bob,

but no-one else has it.







Current

Secure Communication

Classical Cryptography
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These mathematical problems
can be solved using quantum
mechanics

Eg. Shor algorithm 1994




Quantum
Cryptography

THE M

REMEDY

Secure W
'even when quantum computer exists |




Quantum key distribution
1984, 1991
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Alice and Bob are unable to prepare these states
when they are far apart

|paB) # |P4) @ |PB)

47)
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Singlet state




Alice and Bob are unable to prepare these states
when they are far apart

|paB) # |P4) @ |PB)
P7)

S(neld-1Hel)

Singlet state
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Physical System:1
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Physical System:1

Right-handed and left-handed circular polarization: 1deal candidate
for a qubit

FIG. 1. A two-photon interferometer with variable phase shifts ¢,
and ¢,. Before being combined at the 50:50 beam splitter (BS) and
then subject to single-photon detections, the two paths of each

photon acquire a relative phase shift. For experimental realization of

-

RMP. 84, 777 (2012)



The Nobel Prize in Physics 2022 was awarded
jointly to Alain Aspect, John F. Clauser and Anton
Zeilinger "for experiments with entangled photons,
establishing the violation of Bell inequalities and
pioneering quantum information science"



The Nobel Prize in Physics 2022 was awarded
jointly to Alain Aspect, John F. Clauser and Anton
Zeilinger "for experiments with entangled photons,
establishing the violation of Bell inequalities and

pioneering quantum information science" How far?




Experimental Achievements

Satellite-Based Entanglement Distribution

Over 1200 lomters

***** . Photons

Delingham : —_— == ﬁ'] Lijiang

Science 356, 1140-1144 (2017)



Experimental Achievements

Satellite-Based Entanglement Distribution

Over 1200 kilometers
o Photons

== ﬁ'] Lijiang

Breakthrough
experiment



Reality

i

— . = — ey
S S R VS s W SRR e e G




ndore

Realit

~1300 Km

Bengaluru




Realit

Chennai




Chennai




>20:4

Quanbkum Nebwo

Chennai




>20:4

Quanktum ithternetb

Chennai




Quantum Network

A network Is a collection of nodes connected by edges

Sharing entanglement over large distance:
A recent challenge




Quantum Network

A network Is a collection of nodes connected by edges

Sharing entanglement over large distance:
A recent challenge

How to share quantum resource in
predecided nodes?
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Q Networks: Measurement vs Gates
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Quantum Repeater — NQM

Deterministic
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Towards metropolitan free-space quantum networks

Andrej Krzi¢ &3, Sakshi Sharma, Christopher Spiess, Uday Chandrashekara, Sebastian Topfer, Gregor

Sauer, Luis Javier Gonzalez-Martin del Campo, Teresa Kopf, Stefan Petscharnig, Thomas Grafenauer,

Roland Lieger, Bernhard Omer, Christoph Pacher, René Berlich, Thomas Peschel, Christoph Damm,

Stefan Risse, Matthias Goy, Daniel Rielander, Andreas Tiinnermann & Fabian Steinlechner &

~-based free-space network.

npj Quantum Information 9, Article number: 95 (2023) | Cite this article
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Quantum thermal machines
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Quantum thermal machines
Quantum battery

Design an interacting spin-1/2 model as a quantum battery
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Quantum thermal machines
Quantum battery

Design an interacting spin-1/2 model as a quantum battery
Local magnetic field as charger '
ch.arg:ng 2 Z o




Quantum thermal machines

Design an interacting spin-1/2 model as a quantum battery




Quantum thermal machines
Quantum battery

Interaction strengths play a crucial role to increase
_______the extraction of power fromit. |
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Quantum thermal machines
Quantum battery

Robust against impurities, decoherence




Quantum thermal machines
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Quantum Retrigerator

Interacting spin-1/2 model attached to bath




Quantum Sensors

Quantum sensors:
Design to improve precision,
robustness against noise, imperfections

Implementation in NMR, NV centres, trapped 10ns,
superconducting qubits




Quantum Sensors

Higher sensitivity of magnetic field Ikl i
with long-range interactions BB B 1 T e

300100 200 300 400 500

arXiv:2401.14853 [pdf, other] cond-mat.str-el

Better sensing with variable-range interactions = J— o o
Dimensional gain in sensing through higher-dimensional quantum spin chain

Monika. Leela Ganesh Chandra Lakkaraju Srijon Ghosh. Aditi Sen De Authors: Shivansh Singh, Leela Ganesh Chandra Lakkaraju, Srijon Ghosh, Aditi Sen De
) ) )



Quantum Sensors

x 10~4 (a) a = 1.7
| || -
55 ;g {ﬁl | >“ /%}( '}'i:‘ J E T
& i M| 4 {l |
‘f fel i ) * l} ‘;& |
50/ a1 L; il Y
,.L i o4 Y L ik
B "‘ i §< (¥ 5
das—4—f—F 1
‘ 1t1V1 “a0) | |/ |
Enhancement 1n sensitivity N .
: : : )|
with spin-s systems than spin-1/2 35, \ L
Z=3 v Z=T
% 100 200 300 400 500

t*

Better sensing with variable-range interactions  °7"" ™ e one ST

Dimensional gain in sensing through higher-dimensional quantum spin chain
Monika. Leela Ganesh Chandra Lakkaraju Srijon Ghosh. Aditi Sen De Authors: Shivansh Singh, Leela Ganesh Chandra Lakkaraju, Srijon Ghosh, Aditi Sen De
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Good vs Bad

Resource Theory

Why speed up in quantum algorithms?

Resource theory of nonabsolute separability

'Ayan Patra, Arghya Maity, and Aditi Sen(De)
Phys. Rev. A 108, 042402 — Published 2 October 2023

Possible queries @HRI




Good vs Bad
Why speed up in quantum algorithms?

Why more efficiency in quantum communication devices?

Resource Theory

Resource theory of nonabsolute separability

..Ayan Patra, Arghya Maity, and Aditi Sen(De)
Phys. Rev. A 108, 042402 — Published 2 October 2023

Possible queries @HRI




Quantum Technology ~2035
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India’s efforts
on Quantum Technology

DST launched a program called
QUEST

QT

with NMR, NV centre

Quantum communication
with quantum optics QT

with ultacold atoms/ions

QT
with superconducting qubits



India’s efforts

on Quantum Technology

DAE Maha Chintan Shivir

National Quantum mission Tt A%

Mission Implementation includes setting up of four Thematic Hubs (T-Hubs) in top academic a

1. Quantum Computing
2. Quantum Communication
3. Quantum Sensing & Metrology

4. Quantum Materials & Devices
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