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Quantum Data

[0)+1)




Quantum Data

([0>+H1) )*>=(00)+01)+{10)+11)
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Qubit Systems

atom circuit:

_ Problem-
orbitals light is 1000x bigger



Qubit Systems

H atom: guantum circuit:

orbitals 6 GHz microwave oscillator

Easier control for large size



Qubit Operation
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Quantum Supremacy Algorithm: Qubit Speckle

1) Choose 1 instance, randomly from gateset
< d (time) >

Clifford  Non-Clifford

0)

= 1 1= [} X ZH X2 z
=1 1 T 1 1= T

2) Run quantum computer, measure k (2" possible outcomes)

n qubits
\

measure k

(Random guess: any outcome k has probability p, = 1/2")

d
3) Calculate |y), p(k)= [Kk|y)? store in lookup table 200 ?j};is:/es
4) Correlation: cross entropy S = (In p(k)/pg
5) Compare to theory Squ = 042 quantum

IR

6) Try another instance S, 2-0.58 classical



speckle = coherence

predict = fidelity



: 9 | | | |
How Does it Work?? )

+ Gaussian distribution Re{%} & Im{%¥} S -
gives Porter-Thomas (exponential) = 6 _
distribution 2 5l

> 40

Im{'¥'} £ 4

9 .

© 3¢

S S

) p1/2 ’6_ 2 3

' 1]
Re{¥} 08

0 errors: exponential

é'verage 1/2n



HOW Does It Work? : —— one random noise gate avg.

| == ideal circuit

« Gaussian distribution Re{'V} & Im{¥}
gives Porter-Thomas distribution
(exponential)

probability p(k)/pg

0  index Kk [p(k)-ordered] 2"

0 errors: exponential



HOW Does It Work? : —— one random noise gate avg.

| == ideal circuit

« Gaussian distribution Re{'V} & Im{¥}
gives Porter-Thomas distribution
(exponential)

e Uniform distribution with one error
(lose speckle)

probability p(k)/pg

0  index Kk [p(k)-ordered] 2"

0 errors: exponential
1+ errors: uniform



Intrinsic Errors In
Quantum Computation

A fatal exception OE has uccurrcd l, 0028 CS6ZF1B7 in UXD ctpci9x(05)

ess CTRL+ALT+DEL uge\ln to restar our computer ou wi
e any unsaved information in a a ications

+ 00001853. The current application will be terminated. : ; P : ; I 1 P t ;
" ress any key to terminate the current a cation.
- r . i O
o : . - L onie .
3 inue

Probability of no error:
Py = exp[ -Ng &4]

Average number of errors:
Ngyeg =49 x7x0.005=1.7

[\

Need: scaling with low

e ad of & al &



Typical dataset with 5 qubits

instance 1 after 10 cycles instance 2

probability

o) quantum info
just from
prob. histograms

DO.L.L-E.I.-I.L-Ii -I--.I.ﬁ-i-I-

0.8} instance 3 instance 4

0.6}

probability

0.4}

.-.h.r_.-.h.- T P

photon conserving
states

statistical
error bars




Compare probabilities of experiment and theory

instance 1 after 10 cycles instance 2

® model predictions

probability

OG.L..L&.;.-I.L-I- -'ii.r.i.hili

instance 3 instance 4

probability

speckle pattern
matches theory
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Measuring fidelity

1 -

DKL( Pmeasured/ Pmodel)

DKL( Punlforml Pmodcl)

4 6
Number of cycles

10

perfect
prediction

(T1 decay excluded)

cross entropy
= fidelity

random
guess




Measuring fidelity

perfect
prediction

o
o)

o
o

3 qubits: 0.6% error/cycle

4 qubits: 1.4% error/cycle
DKL(Pmeasured/ Pmodel) 5 qubits: 1.8% error/cvcle
DKL(pumforml Pmodcl)

1 -

o
I

/ qubits: 2.5% error/cycle

9 qubits: 2.9% error/cycle

o
)

-~
>
£
K
©
=
N
>
Q
o
-
-~
-
v
)
)
O
)
O
©
@
N
©
E
o
<

2.9% for 9-qubit gate!
0.3% error

random per gate & cycle
' - guess
4 6 10

Number of cycles
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Scaled fidelity for 45 qubits

o
o)

o
o

o
I

o
)

45 qubits

3 qubits: 0.6% error/cycle
4 qubits: 1.4% error/cycle
e 5 qubits: 1.8% error/cycle
(o]
e / qubits: 2.5% error/cycle
o

e 9 qubits: 2.9% error/cycle

4 6
Number of cycles

perfect
prediction

supremacy possible
with margin




Energy (MHz)
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Quantum Materials (theory)

9 lattice sites
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Quantum Materials (theory + experiment)

.Error (MHZz)
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Worst qubit error

Systems: Quantity and Quality

10"

10—2 —

104

=

20 qubit device

T

quantum
computer—

i

186 1

10

107

Number qubits

©
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ol

00l



Huge Progress in Algorithms (Quantum Chemistry)

Year | Reference ll Total Depth 8 102! universe 11
1985 Feynman (proposal) ‘g

2005 | Aspuru-Guzik [1]{| O(poly(N)) o

2010| Whitfield [2] || O(poly(N)) = 10" NE
2012|  Seeley [3] O(poly(N)) P

2013| Perruzzo [4] O(poly(N)) S 4013

2013 Toloui [3] O(poly(N)) g) 9 year N
2013|  Wecker [6] O(N™) = day

2014| Hastings [7] O(N?) o 107 N4
2014|  Poulin [8] ~ N® =

2014| McClean [9] ~ N ) 05| Sec

2014| Babbush [10] ~ N® -

2015 Babbush [11] O(N?) 73

2015 Babbush 12] || &2 N?) S 10 N
2015|  Wecker [13] O(N) 1 2 4 8 16 32 64 128
2016 MeClean [14] || O(n*N7) Number of orbital basis functions «—>
2017| Babbush [15] [|O(n*-**N-57)

2017| Babbush 15] | O(n**") —>Exact: 100 logical qubits (error corrected)

2007) Bebbush 16 O) ——> Approximate: 100 physical qubits (?)




Huge Progress in Algorithms (Quantum Chemistry)

Year|  Reference u Total Depth 8 102! universe 11
1985 Feynman (proposal) ‘g N
2005 [Aspuru-Guzik [1]|| O(poly(N)) o

2010| Whitfield [2] || O(poly(N)) = 10" NE
2012  Seeley [3] O(poly(N)) P

2013| Perruzzo [4] O(poly(N)) ;=

2013 Toloui [3] O(poly(N)) g; year N
2013|  Wecker [6] O(N™) = day

2014| Hastings [7] O(N?) 2 N4
2014  Poulin [8] ~ N® =

2014| McClean [9] ~ N ) sec

2014| Babbush [10] ~ N® -

2015| Babbush [11] O(N?) 3

2015 Babbush 12] || &2 N?) ) N
2015 Wecker [13] O(N*Y) >

2016/ MecClean [14] (| O(n*N7) Number of orbital basis functions —>
2017 Babbush [15] [|O(5"**N'-57)

2017| Babbush [15] O(N257) . o
2017| Babbush [15) | o) Useful QC now possible®




Google Hardware Plans

1) 9 qubit devices, both gate based and continuous (gmon)
1 qubit: 0.05-0.1% error
2 qubit 0.5-1%

2) 22 qubit device in test (2x11 array)
Single and 2 qubit performance similar to 9 qubit device

3) Quantum supremacy device ready to fabricate (square array)
By end of year
Working towards Quantum Cloud offering






