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- Quantum information Science

- Quantum thermodynamics

- Experimental tests-of-principles in QIS

- Entanglement and non-locality

- Open gquantum systems and decoherence
- Quantum computation

- Quantum coherence aspects in bioclogy

- Quantum metrology

Our quantum playground

NMR spin qubits Quantum Optics _
twin-photons & squeezed light Trapped ions
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Logic Gates

Name N NAND OR
Alg. Expr. , AB

Symbol } D

(A’+ B’ +C)

F=(A+B+C)*(A’+B +C)* (A+B' +C)

(A+B' +C)
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Thermodynamics and information processing =15

M. P. Frank, The Physical Limits of Computing, Comput. Sci. Eng. 4 (3), 16 (2002)

Trend of minimum transistor switching energy

According Landauer
the limit for the irreversible
computational model is

—k BT In 2
o O . 69 kB T Year of First Product Shiprier:t

pel’ erased blt Figure 7: Trendline of minimum % CV* transistor switching energy. Values were calculated using the
goals for high-performance and low-power processors in the 1999 International Technology Roadmap
for Semiconductors [3]. Energy is expressed as a multiple of room-temperature 7", which also is the
number of nats of information associated with that energy. If the trend is followed, thermal noise will
begin to become significant in the 2030s, when transistor energies approach small multiples of AT
Shortly after 2035 (if not sooner) this trend will be forced to begin leveling off, since a bit of
information requires at least 0.69 KT to carry it [37]. However, if reversible operations are used, the
order-kT bit energies need not be dissipated [19,18], and so the dissipation per reversible bit
manipulation might continue decreasing along this curve a while longer.
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The ending of Moore Law

# of transistors in chip doubles about ever two years (not even morel)
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“....0ne never realizes experiments with a single electron or an atom or a Q):
UFABC

small molecule. In thought experiments, one assumes that sometimes
this is possible; invariably, this leads to ridiculous consequences....One
may say that one does not realize experiments with single particles, more
than one raises ichthyosaurs in the zoo.”

E. Schrodinger (1952)
Br. J. Philosophy Sci. 3 109 (1952)

Trapped lons, D. Wineland group (Nobel prize, 2012) . whapoo

Bolder, USA
‘X111

Single photons, single atoms, FNE
S. Haroche group (Nobel prize, 2012) y ' = HiB-
Paris, France o "




Nature isn't classical, dammit, and if
you want to make a simulation of
nature, you'd better make it
quantum mechanical, and by golly
it's a wonderful problem, because it
doesn't look so easy.

QUANTUM COMPUTING

Devices based on quantum systems (employing subatomic physics,
photons, and/or nano-technology) could make calculation far faster

than conventional machines if nothing spoils the quantum weirdness.
— Richard P ?et/nm.an —

Quantum bits (qubits) - superposition logic

Bit
‘ ‘ A classical computer encodes information in
strings of bits which can take 0 or 1 value

|0)

Qubit
Quantum Bits can be encoded in two-level
systems (i.e. 1/2-spin, up and down state)
and can exist in a superposition of 0 and 1
simultaneously. It can be represented

as a vector in the Bloch sphere.

) = Cosg 0) + e? sing 1)

1)

Quantum advantage
massive parallel processing w/ quantum logic




Huge investment on quantum technology - second quantum revolution

No small effort

Estimated annual spending on non-classified

ntum-technology research, 2015, €m
qua &Y European Union*

(550
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*Combined estimated budget of EU countries

“Technology Quarterly Here, There and Everywhere," The Economist (2017)
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Brazilian National Institute for Science and
Technology of Quantum Information

120 Principal investigators

29 research institutions

13 states e 25 cities

Hundreds of PhD and MSc students
Dozens of Postdoctoral researchers



“Technology Quarterly Here, There and Everywhere," The Economist (2017)

—
Excited states

Patent applications to 2015, in:

Quantum computing

United States 295 |
Canada79 [ ]
Japan 78 [
Britain 36 |]
China 29 i
Australia 26 [
Germany 22 ]
South Korea11 |
Israel 9 ]
Finland 7 |

Quantum-key distribution
Patent applications by country*
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United States

Quantum cryptography Quantum sensors
China 367 7 United States 105 [
United States 233 [ China 104 O
Japan 100 ] Germany 25 0
Britain 50 ] Japan 18 il
Malaysia 31 U Britain 12 I
South Korea27 | Canada 6 ]
Germany 24 [ Israel 6 |
France 15 | France 5 |
Australia 14 i Australia 3 |
Canada 11 | South Korea2 |
Italy 11 | Russia 2 |

Taiwan 2 |

Japan

510 20
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Sources: UK Intellectual Property Office; European Commission
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SCIENCE POLICY NEWS FROM AIP Bulletin

National Quantum Initiative Signed into Law

SHARE THIS f W 3" = @

Publication date: §anuary 2019 3  Number: 2

The enactment of the National Quantum Initiative
Act on Dec. 21 creates a multiagency program
spanning the National Institute of Standards and
Technology, National Science Foundation, and
Department of Energy. As part of the initiative,
NSF and DOE will each establish between two and
five competitively awarded research centers.
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President Trump poses with the signed National Quantum Initiative Act. Behind him

Commission

Quantum Technologies Flagship

The Quantum Technologies Flagship aims to place Europe
at the forefront of the second quantum revolution, bringing

transformative advances to science, industry and society.




THE QUANTUM LEAP

Quantum is a fundamentally new type of computer, based on the
principles of quantum mechanics, that promises exponentially more power
and speed than today's fastest supercomputers. -
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or centuries.
~2025:
Estimated arrival
of first Quantum
computer
A
'
1866:
Apollo Guidance
: Computer
1957:
IBM 608
1890:
Hollerith
Tabulator
-
1890 1942 1953 1962 2025
1890~1940s 1942-1950s 1953-1960s 1962~2000s ~2025
Electromechanical Vacuum Tube Transistor Integrated Circuit Quantum
Used physical relays Allowed control of Smaller, more reliable Miniaturized Harness quantum
to perform simple electrical current in components that components on a states to represent
calculations with machines, making the used less energy and single chip, iIncreasing bits simultaneously
great speed and leap to the digital age. generated less heat. compute power for exponential
reliability. and reducing cost. growth in speed

and power.



NewsScientist ...

DAILY NEWS 8 January 2019

IBM unveils its first commercial
quantum computer

IBM quantum ide
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IBM today unveiled its first ever quantum computer designed for commercial use -
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UNIVERSAL NOT-UNIVERSAL

QUANTUM COMPUTING QUANTUM COMPUTING
GATE MODEL QUANTUM ANNEALING
SUPERCONDUCTING QUBITS D*\WaUE 2048

Go

SUPERCONDUCTING QUBITS

TOPOLOAGICAL | |QUANTUM DOTS
QUBITS

Microsoft
NONE YET

Liquid-state NMR Single photons
3 or 4 qubits - Nuclear Spinf™ UFABC p
UFABC UVFRJ Py
CBPF Hight fidelity VFMG “’?%' \

universal gates U FS( ti,f'ﬁ?sr




Ground-to-satellite quantum teleportation
& quantum cryptograph

nature International weekly journal of science

Home | News & Comment | Research | Careers & Jobs | Current Issue | Archive | Audio & Video | For Au

News & Comment > News > 2017 > August ) Arlicle

China's quantum satellite clears major hurdle on
way to ultrasecure communications

Probe sends entangled photons — which could underpin quantum-based data encryption
— over unprecedented distance.

Davide Castelvecchi

15 June 2017
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SOPHIA CHEN SCIENCE 11.01.18 08B:00 AM

UANTUM PHYSICINTS FOUND A
EW, SAFER WAY TO NAVIGATE

LOCKHEED MARTIN

After a series of high profile GPS hacks and
failures, WIRED reported, the U.S. military and
several national labs are working on new quantum
navigators that could revolutionize global positioning
systems by cutting out the need for satellite.

NV center in diamond
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Let’s Back to computation &)

xas : UFABC
Easy and difficult computational tasks
11245 + 33456 Adding n digits numbers requires n elementary operations
11245 x 334506 Adding n digits numbers requires n2 elementary operations

11245334 = p1 X P2 Factoring a n digit number requires

’ % (Inn) (lnlnn)2] Y elementary operations

R exp [

EXPSPACE
EXPTIME Computational complexity

PSPACE
?

NP travelling salesman is a NP problem

. 3-sat logical clauses satisfability is a NP problem




Public-Key Cryptography

Alice's public Alice 's private

Key Key
Transmitted
ciphertext
>
Plaintext Encryption algorithm Decryption algorithm  Plaintext
input (€.g.. RSA) {reverse of encryption  gutput
algorithm)

Plaintext | Ciphertext ' Plaintext
> > >

Encrypt Decrypt Recipient

T

Different keys are used to
encrypt and decrypt message

Recipient’s Recipient’s
Public Private

Key Key




Quantum Computation

The most general state of a quantum bit (qubit)
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Classical computational model UFABC

Logic Gates

Alg. Expr.




Classical 1 bit logic gate

not a
1
0

1
Hadamard quantum logic gate H = ﬁ(l »

x

Hadamard
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Qubit rotations

HXH =7 HYH =-Y H/ZH =X



No-cloning theorem

It is Impossible to copy unknown quantum information
Suppose that, we want to copy the state psi to a blank state of an auxiliary system
‘W>S ® ‘ b >M )
A unitary operation can produce the copy as

U «
v)s ®|B), ~U(

v)s ®|B),, )=lv), ®lw),,-
A universal copy machine should work for a different state, let us say phi
v) ®|B),)=lv); ®lw), .
v) ®B), )=o), ®l9),, -

U

U

What happens when we apply this unitary to a superposition state”?

U\ (lv)s +le),)®18),, |=U(lw);®[B),)+U(¢), ®B),)
:|W>S®|W>M+|¢>S®|¢>M ﬁ—. _ This is not a copy
It is in fact an entangled state
=(v), +lo) )@ (lw), +le), )

W. K. Wootters and W. H. Zurek, Nature 299, 802 (1982); D. Dieks, Phys. Lett. A 92,. 271 (1982).



Two qubit logic gates

The control not gate (equivalent to the XOR)

sorinel el Computacional basis {|00), |01), |10), |11)]

‘ 1 0 0 O
0 1 O O
Input state Output state |0><0|®]]-+|1><1|®0x o 0 0
S, 0 0 1 0
target qubit
Example:
Input state Cnot gate Output state
—(I0> w1 ®
f
—(|00> |15

7
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N
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Some quantum gates identities
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One qubit operations and Cnot gates are universal
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Deutsch Algorithm

quantum parallelism
D. Deutsch, Proc. R. Soc. London A 400, 97 (1985).

Let us consider the 1-bit function f(x) : {0,1} > {0,1}

The function f (x) 1s computed by a oracle that you have no access

|x>a - I |x>a (L i x=0 f
f (%) gf(x):x:{o, if x=1
|y>b ] I ‘y@f(x»b : R
75 (19, +11),) —
2 1
7(x) (100,17 0)), 1), (1),
0), —




f(x)
1), H
I | | |
|l//0>b |W1>b |l//2>b |z//3>b
(0) |w
) Iwi =410}, 1), =3(0), +11),) @10}, ~I1),) HZ=H"®H"
®) wah =202 [0}, (J0), -1, ) 1), (0), -1, )]
LT 10, (10}, 11, + (1)1, (10), 1), )
) r%(_l)m(o)ﬁ D)(]0), =), ), i £O)=r1)
Yalw =1
é(_l)m)(%_ D,)(.0),-[1),), i FO) =1




I I I I
|W0 >ab |W1>ab |l//2>ab |W3 >ab

(1 7(0) .
—(-1)"710), (L10), -|1),), i SO =fD)
(3 |w3>ab=H<">|wz>ab=*f

ﬁ(—l)f”)lm(aIO)b—|1>,,), if f(0)= ()

Vb =) Lr 0@ 70}, 7(]0), -1},

..............................................................................................................................

: (0, if f£0)=f(D);
?f(o)@f()_{l, i f(0)# f(1)]
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Shor’s factoring algorithm

o, -
1° Registro TFQ! 2
t qubits 9
©
o), H] | | :
VX g
), T S
S
v
2° Registro g
n qubits E
>
c

10), I
é é é é é é 9 quantum factoring
10
multiplication
1 1 1 1 1

200 400 600 800 1000
about n3 elementary operations number of digits

Exponential complexity reduction



Quantum communication  Alice Lab.

Sup erdense COding 2 classical bits Bob Lab.

00, 01, 10, 11

One-time pad cryptograph

Source of
entangled states

Eve
Alice’s lab. Bob’s lab.
J
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In the Bob’s lab

8.,),, =75 (00, ), + (<)1), ),
X
Bua), = (10,10, 1,1, )=o), o H
B = (10, 10,10, 1,)=Jo), i .
), = 510,10, 410, 10),)= ),
Bl,1>ab :%(‘O>a‘l>b_‘1>a‘o>b):‘\y>ab e eeeesseees e e s e s R e RS EE SRR LRSS RS LR SRR LR SRR R LRSS R SRR R RS R R R R s ren e e
|mput>ab = ‘Bx’y >ab x=0
0) [0) , y=0-—>|input)=|D
= g5 0130+ 1, 19, ouspur)=[0), ), {Oi"liﬂ . >>
= (01, (0, 1), = oo
. . 1) 10),, y=0-—|input)=|®"
—“H[”(ﬁ” ]|o>a|y>b+[1‘<fj> ]wal@m} O”fp”f>1>ay>{1>al>b,y=1 i) =2




How to iImplement qubits in physical systems

Traped lons

Photonic systems Nuclear spins - NMR

Superconducting Circuit
electrodynamics

Many others candidates




&
Open Quantum System - Master Equation

. . . . , UFABC
two level system interacting with a Markovian heat reservoir

System environment interaction

Initially uncorrelated

© Nathanael Smith (Colorado"Sehgel of Mines)

psr(0) = ps(0) ® pr(0)
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Open Quantum System - Master Equation

. . . . , UFABC
two level system interacting with a Markovian heat reservoir

Cot)=— L [H®),p0)]

1
+y [T (O] - = p() 1Ty
2 13

+91 T = = {o(8),TIT4 ]

where

Y, = Y0 (Neg + 1) Y+ = YoIVBE
Npg = (eﬁ"‘“ s 1)"1 s the Bose-Einstein distribution

Y0 s the vacuum decay rate



Quantum information w/ Nuclear Spins :
UFABC
Liquid state NMR experimental setup

superconducting
solenoid

Trichloromethane
diluted in acetone ds

13C labeled CHClI3

NMR @ 500 Mhz
UFABC, Sao Paulo

|

system §
electronics




Thank you for your attention

MSc, PhD, and Postdoctoral positions in QIS available @ UFABC

- quantum .ufabc/_edu br | it




