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' Whatis Quantum Computihg?

i
4
| u.'l
-

* Quantum Computer
A computer that uses laws of quantum mechanics to perform
massively parallel computing through superposition,
entanglement, and decoherence

e Classical Computer
A computer that uses voltages flowing through circuits and
gates, which can be controlled and manipulated entirely by

classical physics

A. Glatz: Advanced Computational Methods in Condensed Matter Physics - Quantum Computing
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The Foundations

1929: Dirac, one of the
founders of quantum physics
writes that physicists now
know all laws necessary to
simulate chemical systems

1965: Feynman'’stheories of I

From Theory to Practice

1994: Shor's Algorithm
for finding primefactors
sparks huge interestin
quantum computing

1980

I 1984: Quantum
cryptography (1BM)

quantum-electro-dynamics I

quantum byte

1998: First working
2-qubit quantum
computer
demonstrated

‘Evolution of QuantumTheeéry;& Quantum Technology

Ty

Commercialization & Application

2004/5: Firstphoton
entanglement +first

(qubyte)

2010
I

2010: D-Wave announces
first commercially
available QC

Jan 2017: D-Wave makes
2000Q system
commercially available

2020: Chinese scientists
claimed 100 trillion faster

of quantum supremacy
May 2017: IBM announces

16-qubitmachine

available inthe cloud
2018: Intel confirms

development of 43-qubit
chip

|
Sep 2017: Microsoft
reveals quantum
programming language

1925: Schrodinger
Equation proposed

1935: TheEPR paradoxisa
thought experiment
intended todemonstrate an
inherent paradox in the early
formulations of quantum
theory; itisamong the best-
known examples of quantum
entanglement

1981: Feynman proposes
quantum phenomenonto
perform computations

1996: Grover's
database search

algorithm

2001: Usinga 7-qubit
computerresearchers at
IBM/Stanford factor the

number15

2016: IBM makesa 5-
qubitQCavailableto
developers & researchers
for experimentation viaits

cloud portal

2021

2019: Googleclaimsto

have reached quantum

supremacy forthe first
time

Oct 2017: Google
announces OpenFermion:
Open source chemistry
package for QC

2019: 1BM launchesfirst
commercial 20-qubitQC

Nov 2017: IBM announces

20-qubit machine available

in cloud & first working 50-
qubit processor
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Quantum mechanics is the theory that describes the behavior of
microscopic systems, such as photons, electrons, atoms, molecules,
etc.

Nobody understands quantum mechanics!

“No, you’re not going to be able to understand it.... You see, my
physics students don’t understand it either. That is because | don’t
understand it. Nobody does. ... The theory of quantum
electrodynamics describes nature as absurd from the point of view
of common sense. And it agrees fully with an experiment. So, | hope
that you can accept nature as she is —absurd”

--Richard Feynman

A. Glatz: Advanced Computational Methods in Condensed Matter Physics - Quantum Computing



* Quantum states, represented by
Dirac’s ket, | >, evolve in time
according to the Schrodinger equation:

d|y) /dt = —iH (t)|¥)/h,

e which implies that time evolution is
described by unitary transformations:

L‘)
dU (t)/dt = —iH (t)U(t)/h.

) — U

* where | > is the quantum state
- (wavefunction) and H is Hamiltonian

This theory, which has been
extensively tested by experiments, is
probabilistic in nature. The outcomes
of measurements on quantum
systems are not deterministic.

Between measurements, quantum
systems evolve according to linear
equations (the Schrodinger equation).
This means that solutions to the
equations obey a superposition
principle: linear combinations of
solutions are still solutions.




;Quantuth Gomputing?Approach using Flow Chart;

0 |[Y(0)>
| U(t,.t)
1| [P(1)>
| Ut.t)

| Uttt )
n | LP(Il)>
l

P(D)=|<D|¥(n)>|*

a
t

1’ 7.}
m e

PREPARATION:

The 1nitial preparation of the state defines a
wave function at time t,=0.

STATE EVOLUTION:
Evolved by a sequence of unitary operations

MEASUREMENT:
Quantum measurement 1s projective.

Collapsed by measurement of the state

—



. Quantuni Computing using Quantum:Citrcuits

i ~0

| l, J 'n.> -/

On a quantum computer, programs are executed by unitary evolution
of an input that is given by the state of the system, |y,>, which can in
either O or 1 state = qubit. (for n-level states: qudits)

Since all unitary operators are invertible, we can always reverse or

‘uncompute’ a computation on a quantum computer.




Yy,

' .Concrete’Example
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Abstract Quantum Computing with Gate-based Computing Model

1-qubit gates 1-qubit gate (2 x 2 matrix)
i [1 1]
|QO> H H= v2 |l -1
: M /
qublts o> o / 2-qubit gate (4 x 4 matrix)
=7 O—D 1 0 0 0
92> 2 ~_/ ¥ CNOT= |0 1 0 o
2-qubit gate (CNOT gate) 8 8 (1) (1)

Why is programming with 1-qubit gates + CNOTs Popular?
* Theoretical level: universal quantum computation model.

* Hardware level: good abstraction for getting high-fidelity hardware
implementation




Continued next week...

Tasks:

* create account on ibm.com/quantum
* |nstall giskit (python)

More information:
https://github.com/hywong2/Intro_to_Quantum_Computing

A. Glatz: Advanced Computational Methods in Condensed Matter Physics - Quantum Computing
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Nt Registers
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Value can be stored in a classical

Basis states in a quantum register

register

(0000)2 =0 0) ®10) ® |0) ® |0) = 0) |0) [0) [0) = [0000) = 0);0
(0001) =1 0) ®10) ® 10) ® [1) = 0) |0) [0) [T) = [0001) = |1),0
(0010)2 =2 0) ®10) ® 1) ® |0) = 0) |0) [1) [0) = [0010) = |2),¢
(1111)2 =15 D)) (1) =[1)[1)[1)[1) =[1111) =[15)9

)

Superposition of basis states of multiple qubits

ap|00---0) + ay |00---1) + -+ apn_q [11---1)
=ap|0);g+ai|l)g+--+axm_1|2"-1),,

—
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erposition

|
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s

|lP> = ay |()()...()> +a |()()...1> 4ot aon_y |11...1> n = 300 (e.g. electrons)

2PN OROE D mples

= A |O>10 +dq |1>10 + -+ doyn_q |2n — 1)10 coefficients, a;
Number of atoms in Total number of storage in the
the universe < 1082 world < 10%! bytes

A. Glatz: Advanced Computational Methods in Condensed Matter Physics - Quantum Computing
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' o1 Quantum parallelism:& measurement !

Linear Quantum mechanics

(1)) = £(0.5]0) +0.5]1) +0.5]2) +0.5]3)) f(|¥))
= 0.5£(|0)) +0.5£([1)) +0.5£(|2)) +0.5£(]3)) ‘

Measurement

atl2 |0)

%) = @|0)+B]1) . s




Quantum gates :
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 Quantum gates rotate the vector (state) in the corresponding
hyperspace

* V\ery often, a gate is just a laser or microwave pulse

 Some gates have classical counterparts Bloch Sphere
— NOT gate (1-qubit)
— CNOT gate (2-qubit) Uxorlab) = laa & b)

* Some gates have no classical counterparts

— Hadamard gate 1
H |0) = —=([0) + |1))

H 1) = —(0) — 1))




‘;"I'h;e? H?Gate
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e After a qubit in state |0> or | 1> has been acted upon by a H gate,
the state of

* the qubit is an equal superposition of |0>and |1>. Thus, the
qubit goes from a deterministic state to a truly random state, i.e.,
if the qubit is now measured, we will measure |0> or | 1> with
equal probability.

* We see that H is its own inverse, thatis, H1=H or HZ = I.
Therefore, by applying H twice to a qubit we change nothing.
This is amazing!

* By applying a randomizing operation to a random state produces
a deterministic outcome!

* One of the most important gates in quantum computing!

A. Glatz: Advanced Computational Methods in Condensed Matter Physics - Quantum Computing
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CNOT Gate
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* Controlled NOT gate 00) — [00), [01) — [01)
* Acts on two qubits 10y = [11), [11) — |10)
- If the control qubit is set to O, target qubit is the same
- If the control qubit is set to 1, target qubit is flipped

Matrix representation Circuit representation
1 0 0 O
10 1 0 O
CNOT = 00 0 1 i
0 0 1 O- N

Equivalent to classical gate operation XOR

0 J\ 0 1 £ ia

a fo a a




Quantum Gates and Clrcwts

RRm OB RO OO
=
Rk OR RO OO

I %

Quantum circuit is the application of
NAND Gate CNOT Gate operations (microwave/laser pulses) to usually

stationary qubit carriers.
Quantum gates

must be reversible
v - [ - -
lmm- —«J

Flow of time instead of space
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» Larger Quantum Circuit

|
| !
} - } A
Y

0
o) —I, U
6
° U5
Us M
U, U,
Us
0) Vs
T Time >
Input
Read the output

A. Glatz: Advanced Computational Methods in Condensed Matter Physics - Quantum Computing
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Quéntum
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9
Operator Gate(s) Matrix
\n o1
Pauli-X (X) —{x}- —— 9 o NOTgate  x /V y = NOT(x) .
. 0o —i
Pauli-Y (Y) [z 0]
x|y | z
. 10 X — : 0] 00
Pauli-Z (Z) @ [o —1] AND gate z=(x) AND (y) o010
Y —] 1 0 0
Hadamard (H) L v
1o x|y | z
Phase (S, P) ﬂ [o 1] X — 0|01
NAND gate z=(x) NAND (y) 0|1 |1
y —
/8 (T) — T} b o] oy
1 0 0 O
Controlled Not ? |:0 10 O] 3 g é
0 0 0 1 X
(CNOT, CX) b 0 0 1 0 OR gate z=(x) OR(y) o 1|1
Y— 1 0 1
—— 1 0 O 0 1 1 1
Controlled Z (CZ) |:8 (1) (1) 8]
E — 0 0o 0 -1 x|y | z
X 0 0 1
1 0 0 o NOR gate z=(x) NOR (y) 0| 1]0
SWAP X {8 0 8] g L
0 0 o0 1 1 1 0
Tottt —r— =
(CCNOT, e © 0 o 1 0 0 0 0 XOR gate z=(x) XOR (y)
o O O 0 o© 1 o o Y—
CCX, TOFF) —b— S A




Noise; Dé-cohgrehce Time and Energy Scale

Qubit loses its state due to noise

Need ultra-low temperature to avoid

thermal noise 1E+2 300, 2.6E+01
Decoherence time: - Liquid-He A
1E+1 Qubit :
Ti:|1) = |0) T

energy
7410+ [1) > (071153 1gs0  separation /
E e 77, 6.6E+00
— 1E-1 il =

>~ Di!ution }/ 4,3.4E-01
%o 12 /Frldge Liquid-N
C  1E-3 0.23, 2.0E-02
L
0.01, 8.6E-04
1E-4
0.01 0.1 1 10 100 1000

Temperature (K)
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Other quantm gates
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1-Bit Phase Shift Gate

Definition
The matrix of Upg' ) 1S Upg' b = : O Ups.a|l) = (1 O > O) — ( O ) — ?® (O) — ® )
- = O (,Id) sy 0 (,Id) ] (,1(1) |
~ — - 1 O 1 O ;- . .
When & = 7 (0 iv) = (O 1) because ¢’ = cosw 4+ isinw = —1.
e —

And this is just the o. matrix, one of the important Pauli matrices. And it is also called the
Z-gate.

: , 1
Z-gate behaves as a NOT gate in the |+) / |—) basis -  Upsz |+) =Uz|+) = L"z?(lm + (1))

1
:%(|0>—|l>)=l—>



2-Bit Phase Shift Gate (Controlled-PS)

Definition ——

Ucps o lab) = &@D? |ab
C P

Ucps.o 100) = ' ©P?100) = |00)
Ucps.o [01) = ' OD?01) = |01)
Ucps.o |10) = ' TO?110) = |10)

Ucps,a |11) = TV 11) = €' [11)

Ucps.o =

100 O 100 0O o o

001 0 )\ Y

) 000¢? b e?s

000 % |
= & [00) + B101) + y [10) + € ®511)



010 0

Ucps o =
CPS,® 001 0
000 ¢
. — Ais Control Qubit
Ucps,e lab) = &' |ab)
1 B is Target Qubit
100 0 0 0 0
010 0 0 0 % |0 :

Ucps.e |11) = = =¢'? =¢'? |11
ces,o |11) 001 0 0 0 ¢ 0 e |11)
000¢%/) \I e'® 1

ke D) LSB

= a|00) + $]01) = a|00) + £]01)

FyI10) + 6]11) l> + v110) + e'¥5]11)
MSB




Toffoli (Controlled-Controlled NOT, CCNOT) Gate (3-qubit)

T|abc) =T |la)®@|b) R |c) =T |a,b,c) =|a,b,(a-b) & c)

T10,0,0) = 10,0, (0-0) & 0) = |0, 0, 0)
T10,0,1) =10,0,(0-0) 1) = 0,0, 1)

Toffoli gate can be used as universal gate in classical circuit

(10000000\ (10000000\ ﬂm
01000000 01000000 |0
00100000 001000000
r_|00010000 Tl = 00010000 ]0|
00001000 “loooo1000f|o|
00000100 000001000
00000001 00000001)1}0
\00000010) \0oooooo010/ \I

/

(0)

-0 O O O O

\o/

= [110)
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Qiskit'Demos: Decoherence times

¥~ 1

Use Qiskit to characterize the coherence lifetimes of an IBM quantum computer

Coherence <~ how long a qubit reliably retains both its population information and
its phase

timescales characterizing qubit behavior:
* T,: energy relaxation time (decay from |1) to |0))

The standard sequence for measuring the relaxation time is
X2t> M
Start with |0) = X gate prepares |1) = delay T - measure
If qubit relaxes during T, probability of measuring | 1) decreases exponentially.
Repeat experiment for many t, average over many shots, then fit
P1(t) ~exp(-1/T,)
from which T, can be extracted

* T*, :ensemble dephasing time arising from slow, shot-to-shot fluctuations in the
qubit frequency

* T,:trueirreversible dephasing time obtained from a Hahn-echo sequence

A. Glatz: Advanced Computational Methods in Condensed Matter Physics - Quantum Computing



prepare |1> invert

We implement: l 1
(here 100ns delay)

q x HDelay®

100[ns]

C
T, Relaxation
gc = QuantumCircuit(1l,1) 061~ ftr1=4020 s >
gc.x(0) # prepare |1> 05
gc.delay (100, 0, 'ns') # use 100ns .
gc.x (0) # flip back '

Pi(T)

0.3 A

gc.measure (0, 0)

0.2 1

0.1 A
0.0 A

P, fit: 1-exp(-t/T,)

0 50 100 150 200 250 300 350 400

Delay (us)




For T, we use the Ramsay sequence: H->t->H->M
This is the single-qubit analog of an NMR free-induction decay (FID) measurement

|¢(O)> Fox %(|0> i |1>) Should revert to |0>, if decayed, only with 50% probability

L / M
Delay -
; £
1 ﬂ 0 T, Relaxation
e data oo %o %o 0

£
= 0.6 1 . e
C ’ — fit: T, =219 s ®

0.5 1

0.4 1

gc = QuantumCircuit(1l,1)

gc.h(0) # prepare |+> | o3
gc.delay (100, 0, 'ns') # use 100ns o |
gc.h(0) # map back ." Py Fit: (1-exp(-t/T%,))/2

0.1+

L]
0.0 1
> 0 20 40 60 80 100

Delay T (us)

gc.measure (0, 0)




For T, we use the Hahn echo sequence: H->1/2 ->X->1/2->H->M
This is analogous to the NMR spin-echo experiment.

Dela Dela _
q 50[ns]y X SO[ns]y m
1 ﬂ 0
C =£
T, Relaxation Hahn echo

gc = QuantumCircuit(1,1) “':_g;&mﬂnm !
gc.h (0) # prepare |+> o
gc.delay (50, 0, 'ns’) # use 50ns
gqc.x(0) # invert 03
gc.delay (50, 0, 'ns’) # use 50ns e
gc.h (0) # map back " 02
qc.measure (0, 0) L P, Fit: (1-exp(-t/T",))/2

0 25 50 75 100 125 150 175 200

T (us)




