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Classical Computers

represent numbers as binaries:

0—-0
1—1 1: high voltage it logical operations:
2 > 10 0: low voltage transistors

22 100 >

voltage in one wire controls

5— 101 i

5 s 110 voltage on other wires

7 — 111 many transistors integrated
8 — 1000 in chip of modern processor
9 — 1001 e.g. iPhone 11 Pro:

8,500,000,000 transistors

How many transistors in this room?



Quantum Mechanics

. 0, i Schrédi
dynamics: Ew(g;,t) — _ﬁH(”;) W(x,t) egugct)iolrr:ger

(z,1)|*  probability to find object at position x (at time ¢)

U(x,t) + ¢(x,t) is also possible

linear equation —
V2 superposition

boundary conditions — discrete basis for wave functions

2 dimensions: — |0}
quantum bit or qubit — 1)




Many Quantum Bits

1 qubit:  |¢) = c0|0) + ¢

1)

2 coefficients

2 CIUbitSZ ‘¢> — C()()|OO> + C()1|01> -+ 610|1O> -+ 611|11>
4 coefficients

3 qubits: |¥) = coop|000) -

~ C001

+C100 100> .

- C101

001) -

- C010

101) -

- C110

010)
110)

Co11

C111

011)
111)

8 coefficients

add 1 qubit — number of coefficients doubles

53 qubits: 253 ~ 106

coefficients



Quantum Computer

input  |v;))  —  |Yy) output
e.g.. 10110001...



I for 1 qubit: |p;) — \90§>

for 2 qubits:
Pi1) — |¢},z>



Measurements

for multiple qubits — outcome:

measurement outcome 0
occurs with probability |cg|?

measurement outcome 1
occurs with probability |¢; |2

bit string, e.g. 10110001...



Power of Quantum Computers

input |v;) — |Yy) output

\_ I

N quantum bits: |¢) = Z Ciy.odn 1915925 - IN)

sumof 2x2x2x---x2=2" terms
S

Nfactors

can process 2" bit strings of length NV in parallel

every additional quantum bit doubles computational power

— quantum computers are very powerful
— large quantum systems — materials Hardware’?
— optimization problems, machine learning



Qubits

candidates for qubits:

natural atom: @ Google: artificial atoms
superconducting qubits

— lon traps



Superconducting Quantum Bits

oscillation of electrical current
= se motional state of electrons
as quantum bit

losses and perturbations
= oscillating electrons emit microwaves
= clectrical resistance — superconductor

>|nd|V|duaIIy Josephson

. addressable  jynction




Sycamore




FRY

temperature

10 mK




Sycamore Layout

faulty qubit
_ / Yqg
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Quantum Supremacy Experiment

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

computational problem: sample from output of random circuit

measurement
outcomes:
bit-strings
0011010111
0101001100

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



Output Distribution

10
s g cee T . some bit-strings
2 E much more likely
B IR O than others
S 4 AR 4 f’r,.: :g.q tod o -:'.-.:'.. '?;.-.-' :.E-:;'...' .-&.'. "o '
8 e B M -m:.‘,-.‘,x&:., e — will be measured
5 2 SRt Nyl 5 much more often

Bitstring (/000...00) - |111...11))

— can test this with 10° measurements even though
there are 10'° possible bit-strings

errors in computation destroy this signal!



Experimental Gate Sequence

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

IS

J BB BB

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




Experimental Gate Sequence

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

=

B C D C D A B

2 3 4 5 6 7 8

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

how close |
to expected
distribution
estimated  «
probability s
for bit-string &

FxEB :/

= 2"(P(z;)) — 1

average over
observed 1o
bit-strings

2] m = 14 cycles

— Prediction from gate and measurement errors
O Full circuit Y Elided circuit -+ Patch circuit

%%&%@

T X X X
0000
200090
0000

Q00069 £ F GHE F GH

Sycamore sampling

Classical verification

5 hours

—_
-

number of qublts n

45

50

55



Supremacy Regime

XEB Fldellty, FXEB

10° [
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o
_
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o
N

103

©0006¢
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0000

Q00060 A B CDCDAGB

. = 1M): 200 seconds

[ 2 hours  Classical sampling @ Fsycamore

2 weeks
1 week

4 years
4 years
Y 100 years
v 600 years . _
10 millennia
v
[ n = 53 qubits
[ | — Prediction
i X Elided (£50 error bars)
-+ Patch

12 14 16 18 20
number of cycles, m

» 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



Quantum Supremacy Frontier

A Qubits

Classically Simulatable

Beyond Classical

we are here
but the gates are not perfect! e
QUANTUM

— algorithms with moderate depth e
— algorithms that don’t need perfect gates .



What can we do with it?

50 - 100
qubits

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

» random circuit sampling not very useful
- one application certified random numbers
» prominent algorithms like Shore’s require prefect gates



Quantum Materials/Chemistry

Underbody battery

» find stable configurations
» find low energy states




Quantum Optimization

expect early use cases in
optimization and logistics

— write cost function as
gquantum Hamiltonian

E.g. Boolean MaxSat problem: (zo V x1) A (zo V —z1) A ...

H=2 Co(Z1,2,...,2N) Zj = 105){05| — [1;)(1;
— solution: configuration challenges:
with lowest energy e need many qubits

* high connectivity



Summary

B Quantum computations can no
longer be simulated classically

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

— condensed matter systems

B Quantum computing is still a long
term bet
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