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What is quantum information and what are qubits?

Why can quantum computing be faster?

What are the types of quantum computers?

What do the Di Vincenzo criteria teach us?

How can we compute if quantum information is so fragile?
What about compilers for quantum algorithms?

Closing speculations



Physics of Computation Conference, Endicott House MIT May 6-8, 1981




Rolf Landauer, IBM — co-organizer




Richard Feynman, Cal Tech




“... 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.”

- Richard Feynman at Physics of Information conference, 1981




Classical Information

bit 1 bit 2 bit 3 bit 4

..

« Each bit is in a definite state, 0 or 1

* Reading a bit does not change the state

* You can copy a bit

« All of the information of a bit is stored in that bit
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qubit 1

Correlations

Quantum Information

qubit 2 qubit 3 qubit 4

« Each qubit is in a definite state
» Can be in superposition state — 0 and 1

» Reading a qubit can change the state

* You cannot copy a qubit state (no cloning)

* Information can be stored in correlations of qubits
» Entanglement: non-classical correlation
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Example of Qubit

11> Atom can be |0> or [1> state, or it can
|0> be simultaneously in both states !!

single atom superposition

BUT, the atom is in a definite state...
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How do we describe a qubit state?

|0> s,

w) =al0)+ 1)
a = COS (%)

B =e'cos (%)

a2+B2=1
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Qubit Superposition States

|0> s,

) = a|0) + Bl1)
W) =510 +11)
' W) =50+ )

Equator = equal superposition of |[0> and |1> =
“‘Bell States” with different phases, ¢

Measuring a superposition state: sometimes get |1>, sometimes |0>...
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Measuring Qubits- What Do We See?

Measure repeatedly

# A B
1 1 1
2 0 0
3 0 0
4 1 1
5 1 1
6 0 0
7 1 1
8 0 0

# A B
1 1 0
2 0 1
3 0 0
4 1 0
5 1 1
6 0 1
7 1 0
8 0 1
Superposition

Not entangled

Superposition

Entangled — 100% correlated !!!

Entangle and measure

One-ti

me

Quantum gate




Analogy to Describe Quantum Algorithms
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Quantum correlations:

1) coherent light

2) superposition — photon senses slits
2) interference gives slit separation
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Quantum algorithms:

1) long-lived quantum states
2) superposition and entanglement
3) interference determines answer



Why are Some Quantum Algorithms So Fast?

e Superposition: each qubit in 2 states simultaneously

* Entanglement: qubits share information, so

— N entangled qubits in superposition states span 2N states

* |Interference:

— Constructive interference enhances correct answer — ONLY O or 1 at end.
— Destructive interference suppresses incorrect answers

 Power grows exponentially with number of qubits
— Doubles with each added qubit

* Compare to linear growth of conventional: double by doubling the number of bits...

* BUT this means qubits need interaction choreography...



High-Level Architectures

Conventional Quantum

Conventional
Computer Control

CPU

Qubit Control
Hardware

300000000000
input/Output | Chleiis

Rent’s rule: pins = k TP Nothing like Rent’s rule-

T = number transistors

05<p<0.8 every qubit controlled 16

Control Arithmetic
Unit Logic Unit




The three known types of Quantum computing and their applications, propertios,

Quantum Annealer
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Classes of Problems




Shor’s Algorithm

10%} .
onventional
Factor a number into primes: w
5 100¢
>\
M=p~q < 1
= Quantum
_ = 0.01f
Classical Quantum
t~exp(O(n'?log?®n)) t~ O(n3) 10~4

bits, b

P. W. Shor, \Polynomial-Time Algorithms for Prime Factorization and Discrete
Logarithms on a Quantum Computer," SIAM Journal on Computing, no. 5, p. 1484.
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The DiVincenzo Criteria for Universal
Quantum Computers

11>
1.  Well-defined qubits I 0>

2. Initialization to a pure state |000...0>

3. Universal set of quantum gates = — X b
4. Qubit-specific measurement <0011000| M |0001100>
5. Long coherence T,/T,~ 10,000

David DiVincenzo, Fortschrift der Physik, (2000)
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1. Well-defined Qubits: Example Technologles

Superconducting Trapped lons Engineered Quantum Dots

Qubits Defects
Transmon, Flux, Phase NV Centers in
Diamond

« All technologies have well-defined states that are used for |0> and |1>
* Technologies differ in fundamental physical mechanisms limiting T,, T,
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2. Initialization to a Pure State

Schoelkopf and Girvin, Nature, 2008

Initialization: | ™ Wait >T,
« Wait > T1, qubit thermalizes to |0> |0>
 Control state with EM pulses to force |0>
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2. How Easy is Qubit Controlled?

Rydberg  Charge qubit

Co Co

eSpin

g

Fast
01 Hz 00 Mz 10 kHz 100 kMz 10 MHz 100 MMz
Hours 153

Schoelkopf and Girvin, Nature, 2008
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3. Quantum Gates — Introduction — Single Qubit Gate

10> |0>
qubit 1 T |0> Ya/2 |¢>=E(|0>+|1>) qubit 1
Before y : > / y, After-
LR Time #. . . " Superposition
|‘|> |‘|>
T4~ 10-20ns
I v |
Il —aubit1—|] e——‘“‘f#f
(B I'v, ~ 6 GHz
. ‘ g
Physical ' 1. Set initial states of Qubit to |0>

2. Apply specific RF pulse to Qubit 1 at
its resonant frequency, v,
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3. Quantum Gates — Introduction — 2 Qubit Gate

A quantum CNOT gate: (this entangles the qubits)
CNOT

qubit 1 2=
Logical |

x>

. . A
Like conventional xor o Y

quit 2 ly> \U Ix+y>

Tg ~ 30-100ns

"
|V2

1. Set initial states of Qubits
2. Apply RF pulse to Qubit 1 at the
frequency of Qubit 2

Physical
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3. Universal Set of Quantum Gates

Validation of Complete Set of Quantum Gates approaching fault tolerant threshold

(fix by error correction)
(®) initialize process analyze
qubitt1 ) A U/ b X Ko XKises o m ' #3
+ Sl
qubit2 0) o [/ U [

Ue{l.Xe.tXe/2.2Yos}
Gate Operations

Consequences for computation:
— Control requires access to each qubit
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Experiment |deal

(Chow, Jerry M., et al. Physical review
letters 109.6 (2012): 060501.)

— Therefore, device density limited by fanout, not qubit size...
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4. Qubit Specific Measurement: SPAM

— Improving state preparation
e Calibrate gate control
e (Calibrate out unwanted interactions

— Improving unreliable measurement
* Measure qubit state for a longer time and average (noise in qubit measurement)
* Repeat calculation and average outcome (1-bit answer problems)
* Apply “Quantum FAN-OUT” and majority voting

a|0>+b|1> ,L ?

|0> N 7
|0>

State Preparation And Measurement (SPAM) is critical

a|000> + b|[111>

N
"4
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4. How Do You Validate A Quantum Gate?

 Accurately measure SPAM, try to calibrate everything perfectly

 THEN measure gate,

» Then remove measurement errors to find gate error?

Take a breath and think:
Randomized Gate Benchmarking

e
v

o
t»

( )Randomized Gate Benchmarking
a

W Tallelal 11

* Choose random set of N+1
Clifford gates

» End reset gate (computed)
» Measure fidelity
* Repeat and average

(b)

Inteleved Rand. Gat ench.

=

Average Fidelity

o
o

%)

CI

Choose random set of Cliffords
Interleave gate of interest (green)
End reset gate (computed)
Measure fidelity

Repeat and average

Magesan et.al., arXiv:1203.4550v2 [quant-ph] 19 Mar 2014

Standard RB
Interleaved X, 3

& ntereaved Y5
L L 1 1 1

1=

16 32 s 64 8o
Length of random segquence
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4. Quantum Gate Fidelities

10> 10>

.'. 1 3
Single T o= Yo —w) =ﬁ(\o>+\1>) )
Qubit _ = .
Gates -y Time / [

|1> |1>
TWO qubit 1 x> x>
Qubit Logical |
Gates CNOT

quit 2 ly> \U Ix+y>

At fidelities required to begin experimenting with surface code

99.95%
Fidelity

99.1%
Fidelity



5. Long Coherence-- Preserve Magnitude

Preserve Magnitude = Latitude on globe

|0>
1> s 3
| I T1 ' / .'.
0> Y = -
0 changes R

T,=How long “latitude” preserved
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5. Long Coherence-- Preserve Phase

Preserve Phase = Longitude on globe

0>

Want T,=>T,>>T

T2 relaxation

¢ changes

T, = How long “longitude” preserved

quantum operation



5. Superconducting Qubit Coherence Progress
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Remarkable progress over the past decade

Understand charge nose ¢ 9. (1)

Materals 0.g. [2.104

Mcrowave environment [3)

Design and geometres ¢ g [4,10]

30 wansmon [5)

IR Shiedding [6.7).

Cola normal metal cavities and cold quibis (5]
Hgh Q cavites (9]

[T Koch ot ol PRATE 0423 2007,

2] J. Nt of o PIRL 93 210500 (2008)
3] Houck ot o PRL 101 O-AUS..'IN.GI
‘.m Pak ot PR W 2&)‘.0'-).!1.
0] K Barends of Al AL 99, 110507 (2011)
[TIA Comgoles o . AFL 99, "81906 (201Y)
(3] C Rgens of & PRB 86, 200508 12012)
IN. ReaQor of &' ardiv 1302 4408 (2013)
1191 J Chang of &l APY 103, 012002 (2013)

Ty /T,

> 1,000 now
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Why Quantum Information is Fragile

Qubits “trap” and control state of single
microwave photon or atom

Energy state >> Thermal energy, RF noise
OR you lose qubit state.

- This is why we operate at 0.02 Kelvin...
Qubit chip - Why cryostat (refrigerator) is well-shielded...

Cryostat
(refrigerator)

Need to understand errors and apply error correction...
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The Surface Code: Protecting Quantum
Information by Error Correction

+ +

« Measure Green ancilla qubits for phase parity,
red for magnitude parity

« Data qubits never directly measured

* Repetitive application of code used to correct errors

Qubit Legend: on data qubits
Data

Ancilla — phase parity
Ancilla — magnitude parity

o000+

®-&
O O Surface Code of Bravyi and Kitaev:
&

[1] Bravyi, Sergey B., and A. Yu Kitaev. "Quantum codes on a lattice with boundary.” (7998). 34
[2] Fowler et al., PRA (2009)



Error Suppression with Surface Code

Large scale quantum computing possible in principle, despite decoherence, control
inaccuracy, and systematic error in physical implementations

' '\":..'i\';ll :.'\llt'

* Error rates 102 —-10° CITOF fake

e Arbitrary low logical error rates
don’t require large numbers of
physical gates

physical

CIror rale

-

Are there better quantum codes? threshold
weshol

Are there better ways of implementing decoders?
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Progress Demonstrating Code  *= @

D1 D2
MQCO completed January 4.6582 IARPA
2016: demonstrated 5-qubit
surface code parity check 4.89y \4_949
D3 D4
D1 . D1
D2 . D3 P

D4
D3 &P

' N
. D2 s
A1l —DD &} é{a A a1|H ﬂ—.—i—T H A

ZZ7Z7 (mag) parity XXXX (phase) parity

First ever demonstration:
mean of correct probability = 0.774/0.795

IARPA LogiQ program: first Logical Qubit (just begun)

36
Corcoles et.al., Nature Communications 6, (2015)
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Controlling a Universal Quantum Computer Using Surface Code

= P
E Quantum Region
f ™
Layer 5: Application
B
- an (7 Layer 4: Logical
— Do 2 Layer 3:QEC
/ o.-.-o-. e whomence Layer 2:Virtualization
h T 3 _ @ Layer1:Physical
N
> >’
] P
Pipelined Cortrel Cyde " Ghse e
L 4 Fhemndion
m—.
Otm pd s e VWenad
Poamey o

TareRton N
o— e e

N. Cody Jones et. al., arXiv:1010.5022 [quant-ph] Oct. 24, 2010

37



Compilers for Quantum Algorithms

Examples of quantum languages and compilers:

— QUIPPR

— LIQUi|> - Microsoft
Approach: take high-level description in C#, F#, etc. and convert to
guantum algorithm

Compilers must preserve guantum rules

— General rules:
States are superpositions
Operators are unitary transformations
* Two-qubit gates cause entanglement
* Measurement is destructive
* Cannot copy a quantum state (no cloning theorem of quantum mechanics)

— Must know group theory of gates
Optimizing compilers are a work in progress
BUT problems may need mapping before compiling...



Example: Solve Quantum Chemistry Problems

Goal: Analog simulation for the electronic structure problem

/ Reaction rates \

e.g, Speeding up catalysts

Energy

I lacviton Erogy
1
]
|
|_Proctes

-
Progrss of macson

\_ Y,

() B

/ Reaction pathways \

/ Molecule geometry\

e.g. H20 bond
properties

M
5 ; |||||| ' lllllf u
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Approach for Solving Quantum Chemistry Problems

1. Map electronic quantum states of atom to qubit quantum states
2. Run digital (or analog) quantum simulator to find answer in qubit basis
3. Transform back to original atomic quantum state representation

Clasalcal Proparation
Heal Space
,"“".m.:‘:-m - florn-Oppurteter
5. Appraximason
Wm‘ Wrae n
Hartres-Fock Siale/ - Sacond Quartized
- Orttad Blasis
- Bravyeaov
\//M>' Tnaim Conventional
A > .
N
Ertargie Arclia™ [~ ~. Quantum
L wih rzod |: Paramoton2ed {

\ (‘M&u:o, , \New Paramoters |
0 o " N WY
A Measue ™ || 7 Messue
., Ascila ) || [ Expoctation

a 02

|
o o
s =

o
&

Total Energy (Hartree)
o
o

|
<

!
—_
~

S. Bravyi and A. Kitaev, Annals of Physics, 298, 210 (2002),

' 2 T

— ExactEnergy |
VOE Experment |
PEA Experiment |

UCSB, Harvard,
Google Dec. 2015 |

05 10 15 20 25

Bond Length R (Angstrom)
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Optimization Is Important !

i) {HT}
B BE—
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77l
Original circuit 0 + 171,78
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Hastings, Wecker, Bauer,
Troyer, “Improving Quantum
Algorithms for Quantum
Chemistry,” 2014 (arXiv:
1403.1539v2)

41



1S Comparison of Quantum Chemistry (itcuitsj

: o
c
=
’5 10K v08 :
9 /"
< — e -
s o
< / do
g 3 o (RE F F 7 g
2 ;
C »
S & B EF B | e [ et
=2
g - e Winitfiedd: Origingl
Y— & 100000
(>), 3 = ==+ Whitheld: HalUp No Duplhcates
.4>__<J —.—-N\(m "J"W
()
= 1.08+0% ~<@--Ancila: HalfUp, No Duplicates
g Ancila: MalfUp No Duplicat s Nested
O o=@« Optimired PORS sub terms :
1.08+04 m— S e = _—

14 b " “” “ “t M At - 14 14

Complexity of Quantum Problem (Spin Orbitals)

Troyer: there are problems that we believe can be solved with a universal quantum
computer which we cannot be solved in a reasonable time by any conventional computer.

Hastings, Wecker, Bauer, Troyer, “Improving Quantum Algorithms for
Quantum Chemistry,” arXiv:1403.1539v2 [quant-ph] 23 Mar 2014
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The first guantum simulations solving intractable problems ~ 5 years
— Molecular

— Fermionic quantum problems (engineer superconductors)
— Etc.
These are the problems that Feynman envisioned.

We will be able to build a universal quantum computer
— We do not know when— certainly more than 10 years because of complexity

When we have a small universal computer, it will spur new algorithms
The ultimate technology will look very different than what we have today
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