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Classical Computers
represent numbers as binaries: 
0 → 0 
1 → 1 
2 → 10 
3 → 11 
4 → 100 
5 → 101 
6 → 110 
7 → 111 
8 → 1000 
9 → 1001

1: high voltage 
0: low voltage ← bit

logical operations: 
transistors

voltage in one wire controls 
voltage on other wires

many transistors integrated 
in chip of modern processor 

e.g. iPhone 11 Pro:
8,500,000,000 transistors

How many transistors in this room?



Quantum Mechanics

linear equation → is also possible 
superposition

 (x, t) + �(x, t)p
2

| (x, t)|2 probability to find object at position x (at time t)

dynamics: Schrödinger 
equation

@

@t
 (x, t) = �

i

~H(x) (x, t)
<latexit sha1_base64="OcVN8x5IvzkV5KL+zLfORl/4EjQ="></latexit>

boundary conditions → discrete basis for wave functions

2 dimensions:  
quantum bit or qubit

! |0i
! |1i

<latexit sha1_base64="q0tYTM57+vG0cvdgAN+EBW69UJk="></latexit>



Many Quantum Bits
1 qubit: 2 coefficients| i = c0|0i+ c1|1i

<latexit sha1_base64="TUzAKfluG7M6GskEmPq7JtwY5cE="></latexit>

2 qubits:
4 coefficients

| i = c00|00i+ c01|01i+ c10|10i+ c11|11i
<latexit sha1_base64="P41Srfyf7ruidNqMJooWY0aac3Q="></latexit>

| i = c000|000i+ c001|001i+ c010|010i+ c011|011i
+c100|100i+ c101|101i+ c110|110i+ c111|111i

<latexit sha1_base64="JtI5yJDRj5B64jmH1d31qfWHx7E="></latexit>

3 qubits:

8 coefficients

add 1 qubit → number of coefficients doubles

53 qubits: coefficients253 ⇡ 1016
<latexit sha1_base64="gS5wocvOL+7xvToz42loaHEtfpQ="></latexit>



Quantum Computer
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output

e.g.: 10110001…



Gates
U
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for 1 qubit: |'ji ! |'0
ji
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for 2 qubits:

| j,li ! | 0
j,li

<latexit sha1_base64="Tec3GH0wz9glM6uDJbB55t5mbwg="></latexit>



Measurements
U
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measurement outcome 0 
occurs with probability |c0|2

<latexit sha1_base64="u5XYuhmU8iCm8v6JRNhXYFf9ZNM="></latexit>

|c1|2
<latexit sha1_base64="QKpLG+WiHHf8ccbaQ0QUy7wprZQ="></latexit>

measurement outcome 1 
occurs with probability 

|'i = c0 |0i+ c1 |1i !

8
>>>><

>>>>:

|0i

|1i
<latexit sha1_base64="xyTdVeM5c63wB51j92g346Sxzq4="></latexit>

for multiple qubits  outcome: bit string, e.g. 10110001… →



Power of Quantum Computers

can process       bit strings of length      in parallel2N N

→ quantum computers are very powerful 
     → large quantum systems → materials 
     → optimization problems, machine learning

every additional quantum bit doubles computational power

N quantum bits: | i =
1X

j1,...,jN=0

cj1,...,jN |j1, j2, . . . jN i
<latexit sha1_base64="z604xNeHDubN+3hRBv1zw2x6DYE="></latexit>

input output| ii �! | f i
<latexit sha1_base64="1RQn1aa1HJqpvroYUvkCEb3EWj4="></latexit>

Hardware?

2⇥ 2⇥ 2⇥ · · ·⇥ 2| {z }
N factors

= 2Nsum of                                          terms



Qubits
candidates for qubits:

→ ion traps

natural atom: @ Google: artificial atoms 
superconducting qubits



Superconducting Quantum Bits

losses and perturbations 
➡oscillating electrons emit microwaves 
➡electrical resistance → superconductor

V

x

V

x

n=0 n=0

n=1 n=1

n=2
n=2

n=3

n=3

h̄!

∏ = 0 ∏ > 0

individually 
addressable

Josephson 
junction

oscillation of electrical current 
➡use motional state of electrons 

as quantum bit



Sycamore



Quantum Computer
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Sycamore Layout

Qubit Adjustable coupler

a

b

10 millimeters

faulty qubit

54 qubits 

86 couplers



Quantum Supremacy Experiment 
run well defined computational problem on 
quantum computer that classical computing 
can no longer solve (in tolerable time) 

goal:

computational problem: sample from output of random circuit

measurement 
outcomes: 
bit-strings 
0011010111 
0101001100 
…

run very often 
→ distribution of bit-strings
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random gate sequence



Output Distribution

some bit-strings 
much more likely 
than others 

→ will be measured      
     much more often

→ can test this with  measurements even though 
there are  possible bit-strings

106

1016

errors in computation destroy this signal!



Experimental Gate Sequence

single-qubit gate:
25 ns

qubit
XY control

two-qubit gate:
12 ns

qubit 1
Z control

qubit 2
Z control

coupler

cycle: 1 2 3 4 5 6 m
time

columnrow

7 8

A B C D C D BA

A

B
D

C

ba

W

W

X

X

Y

0

0

0

0

0

only one fixed two qubit gate 
many single qubit gates → randomly chosen

classically reproducing output statistics requires 
simulation of circuit 
→ increasingly cumbersome as number of cycles grows



Experimental Gate Sequence

single-qubit gate:
25 ns

qubit
XY control

two-qubit gate:
12 ns

qubit 1
Z control

qubit 2
Z control

coupler

cycle: 1 2 3 4 5 6 m
time

columnrow

7 8

A B C D C D BA

A

B
D

C

ba

W

W

X

X

Y

0

0

0

0

0

only one fixed two qubit gate 
many single qubit gates → randomly chosen

there are circuits that can be simulated classically 
and there are circuits that cannot (would take too long)
→ use the easier circuits to check that the quantum 
computer works correctly (number of gates is the same)



Classically Verifiable Regime

number of qubits, n number of cycles, m

n = 53 qubits

a bClassically veri�able Supremacy regime

X
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X
E
B

m = 14 cycles

Prediction from gate and measurement errors
Elided circuitFull circuit Patch circuit

Prediction 

Patch

A B C D A BC DE F G H E F G H

Elided (±5� error bars)

10 millennia

100 years
600 years

4 years
4 years

2 weeks
1 week

2 hours     Classical sampling @ �Sycamore

5 hours

Classical veri�cation

Sycamore sampling (Ns = 1M): 200 seconds

10 15 20 25 30 35 40 45 50 55 12 14 16 18 20
10-3

10-2

10-1

100

how close 
to expected 
distribution

FXEB =

= 2nhP (zj)i � 1
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average over 
observed 
bit-strings

estimated 
probability  

for bit-string



Supremacy Regime

number of qubits, n number of cycles, m

n = 53 qubits

a bClassically veri�able Supremacy regime
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Sycamore sampling (Ns = 1M): 200 seconds
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‣ 0.2% of all circuits run 
correctly 
‣ errors of individual gates 

predict fidelity correctly

➡can run computations 
that are too difficult for 
classical computers 

➡can scale technology 
up, there are no new 
complications
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we are here
but the gates are not perfect!
→ algorithms with moderate depth 
→ algorithms that don’t need perfect gates



What can we do with it?

| {z }
<latexit sha1_base64="Ln8wJi3j8feJoSNGHI06nFDIeBE="></latexit>

20 - 100 cycles of gates at 0.5% error/gate

|
{z

}
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50 - 100  
qubits

‣random circuit sampling not very useful  
- one application certified random numbers 

‣prominent algorithms like Shore’s require prefect gates
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Quantum Materials/Chemistry

‣ find stable configurations 
‣ find low energy states



Quantum Optimization

expect early use cases in 
optimization and logistics

→ write cost function as  
     quantum Hamiltonian

E.g. Boolean MaxSat problem: (x0 _ x1) ^ (x0 _ ¬x1) ^ . . .
<latexit sha1_base64="+zKk8wRe3NUDerN6K+FpgjDFNMk="></latexit>

H =
X

↵

C↵(Z1, Z2, . . . , ZN )
<latexit sha1_base64="FOrR14w6vLOMCyaBB3Nz7zHi0MM="></latexit>

Zj = |0jih0j |� |1jih1j |
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→ solution: configuration 
     with lowest energy

challenges: 
• need many qubits 
• high connectivity



Summary

Quantum computations can no 
longer be simulated classically 

Next goal: Find a useful application 
that can be run now                                        

 condensed matter systems  

Quantum computing is still a long 
term bet

→



Sycamore

Thanks for listening.


