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A quantum for a quantum

“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 ook so easy.”

-- Richard Feynman (1981)

Let nature calculate for us ! Analog simulator

K U =exp(—iHt/ h) \

‘ W(t — O)> Digital simulator

Feynman, Int. J. Theor. Phys. (1982),
Lloyd, Science (1996)
Buluta & Nori, Science (2009)




Taxonomy of Quantum Computing
Digital

NO errors

exp. state space
math proofs of power

v

Error Correction

7 N\

Shor Grover
exp. quadratic
speedup speedup

Provable exponential power
An error destroys calculation

Requires large machines



Taxonomy of Quantum Computing

Digital
NO errors

exp. state space
math proofs of power

7 O\

Error Correction Quantum
Supremacy
/ \ 50 qubits,

107° state space

Shor Grover
exp. quadratic
speedup speedup

Provable exponential power
An error destroys calculation

Requires large machines

Analog

errors
lack math proofs
practical machines & algorithms.

A=

Quantum Feynman Self-
Annealing Simulators simulators
“coupled

. spins”
Universal Quantum P

Computer without error
Correction

Incorrect to state:
exponential power
not useful

Need deep understanding of
power and system req’s



Engineering platforms

Ultra-cold atoms Spin qubits Trapped ions

Nuclear

spin
Electron ) l
spin A

Driving Atomic
field structure
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Many body physics Long coherence, es
Room temp., Solid state

Superconducting circuits while maintaining coherence

Full fledged
quantum
simulator

Controllability

Scalability




Outline of 3 Talks:
Feynman Simulators

» Physics of superconducting qubits

« Simulation with uber-controllable gmon’s
Molecular collision chemistry

Chern number

Ergodic

Gauge coupling

e Future

Quantum supremacy
Capabilities
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Geometry of Harmonic Oscillators and Qubits




Readout
resonator

'
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1
1
- .

uwaves (X,Y)

AC drive

I Self capacitance

I

Variable L

Flux Bias

Frequency (£)

Transmon is non-linear LC oscillator
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Junction is Nonlinear Inductor
0 AC: V= ((I)O/zj[')é. Looks like V = ®

d is dimensionless flux

WK1 pc: [ =1,sno

J

: = ]0 SlIl(ZJZ(I)/(I)O) Non-linear I-®

Small signal: ] = ]0 COSé 5 L.=®./2nl.cos &
J 0 0

= (I/LJ)V nonlinear inductor

Junction energy: U(ﬁ) =fdt 1V

=([,D, /Zn)fdt sinod do/ dt
=—([,®,/2m)coso



Nonlinear Resonator
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Nonlinear Resonator

> [
E=Q — 2070 cos(2ad /D, )
2C 27

dim’less: {Q, (I)}=> {261’1, ((I)O /2.71’)5}

E=4E.n’ —E, cosd
energies: EC = 82 /2C, EJ = ]0(1)0 /27

charging Josephson

At low energy E,
classical oscillation frequency:

w, =1/ JL,,C = [8E,E,. | h

Semiclassical perturbation:
quantized E level

0 =a,[l-0.125(m+1/2)hay, E, ]

=w,—-(m+1/2)E./h
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Qubit: Weakly Anharmonic LC Resonator

I commuting operators:

4E.7* - E, cosd [D,0]=ih, [d,A]=i

T,
Il

C:: XIO 52 54
=4E A+ E,| ——-—+. )
| 24
\ )
Y A
w, =1/,/L,,C 0=+Z,/ 7Ry |a+a"]
Harmonic oscillator:

Z,=1/w,C fi=iR 1167Z,|a-a")

Non-linearity n = E_ ~ 200 MHz:
AE, =-E,(m|6*|m)/24

AE‘m _AEm—l = _mEC




but strong drive with large V,

Use weak coupling (C. << C)

VoS

Qubit: Microwave Drive

§

0/C
iv,0,(C./C)|a-a"]

och

Hb =QbV=Qb

o,

—AWWW—~> Microwave drive
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Randomized Benchmarking*

Realistic multi-qubit test of long algorithm
(1000+ gates)

V= \r ------- "W&-}-&\Hr%
". I ] I ] I Y12 X2 E I
Ty ® 1 Qubit Cliffords c c cC C [
] ® With appended X/2 — m:;L -~
0.90( BEE— —
BEE -
2z e
g 0.85F ~ ~ =’ All C chosen
i Inverted by C, at random ‘ O>
@ .
2 Clifford gate set:
S 080 Average overk | “rotation” to
@ » -1
Y 6 states Ul
994
) '.' \?{ // X \\\
(S 0)+ill
0.75} | 2z 0)=i1) 10) +4]1)

1 1 1 1 1 | |
0 50 100 150 200 250 300 350 |0> +|1>
m - number of sets of Cliffords/gates+interleaves

*Magesan et. al., PRL 106.18 (2011): 180504



Resonator — Resonator Coupling (Classical)

Cc . Equations of motion:
vt/ L+ CV,+C.(V,-V,)=0 | sum
— % T Nt/ L+ G+ C 0, =V) =0 2N
. C,
1 2 1/ &'L, +C, +C _C AW
) -C -1/ @’L,+C,+C_\V,
Linearize o —l‘a‘)’izwl 5—2(1;12“’Li‘”')=-2q(2“")
-2G /o) - ) -C, AN
-C. -G, /w,)w, - \V
. . ww, .,
Normal modes (eigen-frequencies) (o, — w)(w, — w) - =—C. =0

4C.C,



Qubit — Qubit Coupling (Quantum)

Cop » ) A
L' H, =CPP, = C(0,1C)0,/Cy)
— e R
% Y S - nSe |99 (5 4 Ya, -a:)
1 1 2
| | 2\ CC,
1 2 = -nglay a; +3;a,)
For weak coupling coupling energy excitation swapping: |01)-|10)
C,<<C
Schrodinger equation Moy —w) =g )W) _
—hg h(w, —w) \ ¥,
Eigen-frequencies (W, — w)(w, - ) - g’ =0

Same formula as for classical normal modes!



Swapping Physics of States |01),

10)

Avoided level crossing Swapping: display of qubit-qubit coupling
a)=(a)1+a)2)/21\/(a)l—a)z)z/4+g2 W, = W,
10)
=
z
3
o
o .
|01> tlme:
0 n/g 2n/g

time [ns]

T

coupling off




CZ entangling gate*

Fast Adiabatic Passage truth | [01)—1o1

1 i table

111> \

02>

Frequency
))

101> X Cz

\ QZ'X/Z_ 1 9/2 [

110>

QO Detuning g/27 =230 MHz

N
D ‘ 11> |02>
\

tgate = 1/9

700 MHz

Ramsey Phase [rad]

New theory for Fast Adiabatic Gate:

tyate 29/2n=1.1 for 10~ error

*Similar to Strauch; DiCarlo; Yamamoto



Performance of CZ gate

2-qubit randomized benchmarking
2 - |
£
O
. i |
=
()
% 0.4} ]
Fast (40ns) v
0.3 2
Accurate F., =99.45(5)%
0.2 .
6 210 4'0 GIO 810
m - humber of sets of Cliffords/gates+interleaves
qubits Qo Qy Qo Qs Q4
CZqp-q1 0.9924 4 0.0005
CZq,-q- 0.9936 4 0.0004
CZqy—-q5 0.9944 4 0.0005
CZqs-q, 0.9900 4 0.0006




The gmon Architecture : Adjustable Coupling

R

M M, cos(0)

g/law, =
2L, 2L,cos(0)+ L,
= spectroscopy: see coupled states 5.62
41 --_ (also measure swapping) .
N
T
=
o
—
v

g3 -1 -0.8 -0.6 -0.4a -0.2 (o) o2 o.4a
Coupler Flux Bias (a.u.)
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The gmon Architecture : Adjustable Coupli
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M M, cos(0)
2L, 2L,cos(0)+ L,

g/law, =

0
Coupler loop flux / CDO




Dispersive Physics of Resonators

Avoided level crossing Swapping: basis of qubit-qubit gates
a)=(a)1+a)2)/2¢\/(6(21—012)2/4+g2 W, = W,
10)
=
z
3
o
o time
o1 =
0 n/g 2n/g

Dispersive frequency shift  |w, —w,|>> g
o, =0 +g" (0 - )

_ =w2—g2/(a)1—a)2)



Dispersive Readout - Semiclassical

r ;g | 1 e
A
19) ¢
X = — o) 'l
9y le)
Resonator frequency g’ _ g’ _ g from avoided
changes for |g) and |e) A A+n A level crossing

xmon (6 / 5.8 GHz) M2 resonator (7 GHz)  readout to amp




Qubit Measurement

. Measure with large signal / noise
Resonator (large n) signal
and quantum limited preamps

. Shift of resonator frequency with qubit state
Dispersive interaction

. Phase shift of readout signal
Good separation of states

. Collapse of entanglement gives projection
Coherent state is eigenstate of dissipation
(a pointer state)

ala)=ala)

X Z

000
N
| |

Im{c} 4

(le)+[2))10) =e)|x.)+|2)]e
| 50%: |¢)a,)
| 50% |g>|ag>




Fully controllable & coupled qubits

-

X & Y rotations

_Z r_ota’gion_s

Tunab‘le ihteréction '

—d  ~10 RS

Time-dependent Qo
control of every term










" Simulati g QUantu'r'n Chemistry with a




Inelastic Scattering of Na & He:
Experiment

impact
parameter
[Olsen 1977] s &?)’3:?5;9
Accelerator Na vapour Q
| celi
Deflector
e 00
Ion___ o ) = i
beam I N 34 |
Thermal
mj detector
S—— Faraday cup housing
Collision cell
To monochromator
lonization
. 0 ------------------------------
%J 2 2
+
s = 13_5 ¥ f2tev Na(3s)+ He(ls*) [1°Z']—|1)__
Q 2 2
2 L Na(3p)t+He(ls*) [1°I] —=|2)
He: 1s? 2 2
Pre e Na: TNel3s! Na(3p)+He(ls?) [225"]—[3),




Inelastic Scattering of Na & He:

Numerical Computation

Diabatic Potentials & Couplmgs (a.u.)

0.2
“ Na(3s) orbltal — Up
§ Na(3p) orbltals{_ Upo
0.1
E; —— Uy
(O]
C
L
0
1.0'
T Uy
0.5 Uis

Couplings

10

R(t) \/b2 TV (t ZLcollzszon)

C.Y. Lin et al, Phys. Rev. A 78, 052706 (2008)

Energy (eV)

Ay gn &
H@)=|gy Ay &
831 &n Ay
Molecular Collision H(t)
20 . , .
N
? \ : —_ A,
/1] ISR S S »
‘ - 912
10} SR S — g3 |
| 923
0] E— ...................... $ .............................................
e ;
0 5 10 15 20 25
t (fs)
He)

v = velocity

parameter



Inelastic Scattering of Na & He: o Ay ilz 813
. t) =
Scallng H(t) for Qc &1 »n 8
1831 8 A33_
Molecular Collision H(t) H,(t) Scaled for QC H,(t) Efficiently Scaled for QC
20 — 5 — 30
— sa|l= |g(t)] <5MHz — =
g : 9123 é : 9123 é 0
w nE | €
L w
|g (t)| < 5MHz
0 gj? 0 ?‘? . |A(t)| < 50MHz
0 t (fs) 25 OI t,. (us) 25 | t,. (ns) 300
f A=10° A=A(t)
—i | H(t")dt'
U(t)=e oo
HqC=H(t)/A ~2'108
— At *
dt,,=dt * A o
0 t(fs) 25

Pritchet et al, arXiv:1008.0701 (2010)



3 Qubit Quantum Processor
with Full Connectivity & Full Controllability

%
%
7
@ & 201 Modulate gin ~ ns

B 0 | o 0.5
Coupler Flux Bias (®,))
gmon Architecture

v Q v High Coherence: T1~20us
T2~12us

C. Neill et al. In preparation

Tunable qubit frequency Tunable coupling
_ x y z N X X Y Y
H = E:Hx(t)a +H (1) o @o ((7,- o +0,0;)
ubits 1#

Yu Chen et al. PRL (2014)



Inelastic Scattering of Na & He: Quantum Simulation

U | | 1 ‘
S — — l
cp23 : ~_ Va ,
Cp3l— i
- A
a3 | i ﬁ
@ ! Q” 0 I 100 tzi?T(])e ) 300 | L4ooJ
" —1
1.0I ® ql
Simulation Conditions o Q2
Initial Channel = |1> 0.8} e g3
v/c = 7.3x10
b =0.053 A 0.6/
A 93%
{ He E
_____ \_) lb: impact 0.4 %
@V = velocity parameter
0.2
0.0} ] 3%

0 50 100 150 200 250 300 350
time (ns)




Inelastic Scattering of Na & He

: Quantum Simulation

gl | | | |
cpl2 ~ 7
cp23 l l
O\ /S
S X cp31f— ] — — |
" O adp =
a2 | | A
" 0 100 200 300 400
@ [1 Q | time (ns) I
| | ; . 1
l'OL"M"‘r . e ql
Simulation Conditions Kl o Q2
iti — i % *
Initial Channel = |1> 0.8 . s e o3
v/c = 7.3x104 2y AR
b =0.053 A 0.6l x5 P
A vt L Ry
"o « N, ‘e -
He o 5 e ":E' . H ?" o P
1b=imgact 0.4 - S R { F g
—— - - -— 9 . )... 'é‘ - -
WY v = velocity parameter S - . &
P L SN
L K3 Y R . % . .
0.2 ORI W
R ZE A .
MY A ."# “
0.0 W R
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g
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Inelastic Scattering of Na & He: Q. + Num. Simulation

T_I | | | |
Q cpl2 : I 7 |
‘ cp23 : ~ — ,
) Cp3l— i
y O adp A
- )
D rl I 0 | 100 200 300 I 400
8 = time (ns)
" —1
1.0 . e (l
Simulation Conditions o Q2
Initial Channel = |[1> 0.8} e Q3
v/c = 7.3x104
b =0.053 A 0.6!
L\‘ SA Vi
He 1 o O 4
______ b = impact Sl
@V = velocity paramet_e>r
0.2¢
0. 0 insatomigd®s: e

0 50 100 150 200 250 300 350
time (ns)



Inelastic Cross Section: ‘ylb-.mgact
Comparing Simulation to @7=_ve_loat7 ~ 7 T parameter
Experiment
Cross section = 2thb *(1-B(EC))db
0
gl - Elastic Channel (EC)
10* 3
Numerical §
v Computation °3 b —
N/\ \ |3 ul—EIsticChanneI(EC)
< - Quantum & '
- * " . Simulation
o [ | S
S 10° : o 0 '. ” b (A) 4.2
@ 'y Experiment | SR
0 _m [Olsen 1977] == =~ ..
o ... OO s RSN — o
O " . ::m::;::ﬂ 1"
101 e A
10" 10° 10* 10°

Kinetic Energy (keV)
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Outline

1) Dynamical method to
study topological phases

time
/_\\A

0 -
J \ /; )4' dynamic state
(non-adiabatic)

ground state (g @

(adiabatic)

H /21 (MHz)

Geller et al., arXiv 1405.1915 (2014)
Chen, Neill, Roushan et al., arXiv 1402.7367 (2014)
Roushan, Neill, Chen et al., arXiv 1407.1585 (2014)

27 (MHz)
=

0

H_ /




Dynamical method to measure Chern

| .
Chilw) = §B.ds

S | dynamic state

Gauss law  Chern (non-adiabatic)
Parameter
space

Magnetic Singularities
monopoles of the
enclosed Hamiltonian

Berry

Magnetic field
Curvature

ground state
(adiabatic)
Adiabatic error is due to Berry curvature
2
Fp =(vxB), +O(v")

F P deflecting force that state experiences

dR

7 velocity of changing parameter
4

Gritsev and Polkovnikov, PNAS (2012)




Chern number: spin 2 system
ho -

HS'Q(HX’HY’HZ) = ———?Hd" — _;_I(HXO_,\- +HYO__\' +HZO__-)

Parameter space Hilbert Space
(magnetic field) AHZ (BIochAsphere)

timV’ d non-adiabatic [=0]1+Z>
response \

H,

degeneracy

control sequence  tomography

<0’> ’ - 7;

Ry(r/2) <G>

Curvature — <0~ >

25

I &

w-wave (Hy) A1

9

Detuning III/) H, .

_, \ l_._ .,
| Iy time | Ch(‘l/jg >) - er<O-“>' Sil’l(ﬁ)dt =1+0.05

0




Topological phase transition
using a single qubit

Hr/27r (MHz)

Roushan, Neill, Chen et al., unpublished (2014)




2-qubit parameter space

Q1 parameter space Q2 parameter space




Topological phase transition diagram

in an interacting system

H2Q(HO,I§,, —H =H, g)=H,0° +H (6, +5,)+g(c 0, +o' o))

10
g/2n (MHz)

BN
00 05 10 15 20




Loci of monopoles
H,o(Ho,H,,8) = Hetr—-gtei o 0,0, + HA&7 %0, )

H,/2r=10MHz




Summary

time

Dynamical method to study topological phase transition. ,..f'ﬁ(ig';‘?;;;;g;};

> Iy
deflection

ground state B
(adiabatic)

Topological phase
diagram for Haldane
model and visualized
topological phases

Hy/2m (MHZz)

2 Coupled qubits:
observed an interaction-induced
transition.

(MHz)
=

H /2n
0




Ergodic dynamics and thermalization in an
iIsolated quantum system




No Chaos in the quantum world !

Chaos?!
QUANTUM DOMAIN Not in my world! CLASSICAL DOMAIN




At the quantum-classical border...

THE BORDER TERRITORY
SUPRTUM DOMAIN CLASSICAL DOMAIN

SUN
PLANETS
c

°
©

s

o

Q

QUANTUM BiLL OF RIGHTS s /. CLASS\CAL LAW AND ORDE R
INTERFERE (F You CAN I Sy DO NOT INTERFE RE !
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“Decoherence can produce a smooth quantum-to-classical transition”
W. H. Zurek (1998)

E. Heller, S. Tomsovic, Physics Today 1993
S. Habib et al., PRL 1998




Ergodicity & Thermalization

AMNTUM DoOMAIN CLASSICAL DoMALIN

(Y ,"]‘/" 5

AW,
A l‘-"' ,‘1;\\"""’
A
1 e LY XO& \ /
B '.;"' ‘." “‘.\"
QRIS ORY

Isolate_sj quantum systems: Most classical systems:
Chaotic =% Ergodic =% Thermal Chaotic = Ergodic = Thermal

Ergodic hypothesis:

Time average = phase-space average




Ergodicity in three fully-coupled qubits

Kicked top model: quantum and classical limit

— Quantum
- - - Classical

-
o

o

Initial states

Overlap with Py,
=]

Number of kicks




Classical kicked top model

Classical Dynamics
Kk=0.5

Y
Py = le (KZ)“RY (p)'FN

twist rotation

(PO

Lyapunov <0, Lyapunov >0
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Classical Dynamics

(p)ry
rotation

(KZ)R,

Z

R

1

rN+

iC sea

chaot

0
Lyapunov <0, Lyapunov >0

lands P

IS

=
stable




Quantum kicked top : mapping to 3 spins

N> = exp(-ifs J, ) exp(-i% Jy)In

Spin-3/2

~ 1
Jy = (0 + o +0f)

A 1
J, = E(GS) +0) +0))

~o 1
2 1 2 2 2
J; =Z(G§)®0§)+G(Z’®G(Z’+...)

Confining to symmetric subspace
3/2 +3/2)=|111)

3/2  +1/2)=(|110)+|101)+|011))//3
3/2 —1/2)=(|100)+|001)+|010))/~/3
3/2 -3/2)=|000)




Realizing the dynamics with qubits

Repeat N times

Yr/2 3-qubit\
interaction
Y7/2 with
strength

YTE/Z K )

Aydeibowo) a1e1S




Quantum trajectories

- e o o= N

—— Quantum
- -- Classical

TU




Thermalization of subsystems ?

K=0.5 Entanglement entropy S (color) vs. initial state (p.,¢,)
YWIN = 0 (kicks)

5, -single qubit density matrix

S =-1rp,,log, p,,

0 < S <1

Pure state Maximally
entangled




Entanglement entropy of subsystems

K=0.5 Entanglement entropy S (color) vs. initial state (p.,¢,
N = 0 (kicks) 4 ="




Entanglement entropy of subsystems

K=2.5 Entanglement entropy S (color) vs. initial state (8.,¢,)

Long-time /
steady-state behavior




lon

t

IZa

duced thermali

IN

Entangled

Time average S

Classical Dynamics
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Entanglement or decoherence ?

Single Qubit 2-Qubit 3-Qubit
Polarization Correlators Correlators
_—_ .

1.0 initi initial state

lozl s ¥ o o, fom o
Z

Neill, Roushan, et al., Nature Physics (2016)




Ergodic dynamics in the full system

RN
o

0.8}

O
o

3/2

‘¢3/2><¢3/2‘

1
= m m
4 m==-3/2

Pme

£
Q
c
=
=
Q
©
-
O
>
O

Overlap = Tr\/ \/ PO,..0 \/ O,

O
™

Number of kicks

Neill, Roushan, et al., Nature Physics (2016)



Summary

Study quantum dynamics in a small
system with a classical counterpart ..
y P Thermalization of sub-system and resemblance
with classical maps

=2

N
(=)

o
o)

Initial states

Overlap with Prc

Number of kicks




Chiral groundstate currents of interacting photons
In a synthetic magnetic field




Fully controllable & coupled qubits

-

X & Y rotations

_Z r_ota’gion_s

Tunab‘le ihteréction '

—d  ~10 RS

Time-dependent Qo
control of every term




Many-body physics
1) Fermionic systems

Fundamental
~ physics

) o
Top(ﬁgjical

mputation
Magnetic Field (T) SOMRY

2) Bosonic systems




Many-body phases in interacting bosons

1) Strong interactions
2) Synthetic gauge fields

3) Engineering flat band structure




Theory and experiments so far...

Cold atoms and trapped ions Superconducting qubits

e - 4
’
m 'rowave\

B C D
J. R. Abo-Shaeer et al., Science (2001) : -
B. Paredes et al., Solid State communication (2003)
A. L. C. Hayward et al., PRL (2008)
J. Cho et al., PRL (2008)
Y.-J. Lin et al., Nature (2009)
A. L. Fetter, RMP (2009)
M. Aidelsburger et al., PRL (2013)
V. Schweikhard et al., PRL (2014)
H. Miyake et al., PRL (2013)
G. Jotzu et al., Nature (2014)
M. Hafezi et al., Nature Photonics (2013)
M. Rechtsman et al., Nature (2013)
L. Lu et al., Nature Photonics (2014)
L. Tzuang et al., Nature Photonics (2014)
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On and off resonance tunneling
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Engineering complex hopping

3
j=l1

<j,k>

modulating coupling terms
E i (1) =g, COS(A]IJ T ij)

where,

Ay =0, —

,and if
&0 <<| a)j — O \
D, =0, +@,y+ 0

is gauge-invariant
Then, using RWA, the effective Hamiltonian becomes:

E0 ; ipx + —ip; +
H, =Y =2"aa+e ™"aa;)

<.] ak > Universal two-qubit interactions: E. Kapit, PRA (2015)




In the lab: Pulse sequence

3
j=l1

O, =0, +0,+ 0,
is gauge-invariant
Then, using RWA, the effective Hamiltonian becomes:

_ 80 ; iox + —ipp o+
H,, = Z 7(8 a,a +e aa)
<j,k>




Single photon circulation
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Single photon circulation

TRS |y (1)) =y (-1))

if @) =|w(T +1)) = TRS: |y (@) =|@(T -1))

200 2400 600 800 1000 1200
t(ns)




Classical non-reciprocity

I(1+ €ecos(f)) I(1—ecos(f)) I(1+ esin(f)) I(1 — esin(@))
—— W~ ‘

N. A. Estep et al., Nature Physics (2014)

J. Kerckhoff et al., Phys. Rev. Applied (2015)
K. Fang et al., Nature Photonics (2012)

K. Fang et al., PRB (2013)

oY
N
N}
N

I(1 + ecos(t))*!
— -
1(1 — ecos(Qt))*?

I(1 + esin(Qt))*!
-
1(1 — esin(0t))*!




Entanglement circulation

[001) [010) [100) |001)

product state

Entanglement

v

time (ns)

- 1/24<0”> <o'>-i<o >| R
'0 <o >+i<o' > 1/2+<0” >

fully entangled




Signature of strong interacting photons

=[001), — Single photon

OO0

¥, =|011) Two photon (darkon)




Signature of strong interacting photons

=[001)

AANAATNAANAR

Single-photon Two-photons

ingle photon

CCW circulation CW circulation
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Signature of strong interacting photons

Single photon

_ _ﬂﬁ(ﬁ_1)+%fz(ﬁ—1)(ﬁ—2)+...

2

3
Eo (Pjk o+ —i@ i +
=E—(e a,a,+e aa;)
J=k

eff

U, =U, = 220MHz

g, =S5MHz

600
time (ns)




Ground state chirality

H oy (t =T,40) =

Adiabatic ramping

control sequence

define:

N

P -
I \—0, _l(e Qlan

measure:
O'

T Ql 02
]Q1_>Q2 2

— O,

Qla

02

«—7,,. =1500ns—




Chiral currents in groundstate
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Understanding chirality
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Manifolds with fixed number of qubits are
decoupled
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Qubits Couplers
H=>) h()o" +h (1)0' +h(t)c7 + Y g, ()(o7o; +0;0})

<j,k>. .
1 P SERNNY =)
At Google we are focusmg on quantum computation
and
we are open to ideas

1,000% vs. 1,000 OOO$
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Quantum vs. Classical- uter Challenge
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Quantum Supremacy
Proposal by Google Theory Group®

Simple qubit test, results checked by supercomputer
(>42-50, can’t check anymore)

Demonstrates exponential processing power
but does not compute anything useful (yet)

A sensitive and complex test: results fail with one qubit error

Good test of scalable quantum computation
Proves complex quantum processing
Error metrology
Fundamental test of error digitization for 107° state space
Forward compatible to error correction

*S. Boixo et. al., arxiv soon




Algorithm for Supremacy Test: Qubit Speckle

1) Run 1 sequence, chosen randomly from gateset
e d (time) ——> Clifford = Non-Clifford

1\ S+ -

o N I I I o - F+ X, Z,H, X2 zV4
5 =7 =

A S
Ciolooioolg: 1 @

2) Run quantum computer, measure k (0 to 2"-1; ex. 5 ={0...0101})

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

4) Calculate |y), p(k)= [(k|y)P? not uniform; store in lookup table days
(fully entangled with complexity 2": 1-D, d>n; 2-D, d>n'/?2) 200 drives

5) Correlation: cross entropy S={(In p(k)/pd

IR

6) Compare to theory S
S

0.42 quantum
-0.58 classical

qu
cl

IR

7) Try another sequence






How Does it Work?

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

Im{W}

probability p(k)/pg

ey O indexk 2




HOW DOeS |t VVOrk? ; — one random noise gate avg.

[| === ideal circuit

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

* With one error anywhere
distribution is flat (classical like)

probability p(k)/p

probability of no error

/

Stot = I:)O Squ + (1'PO) ScI

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

P=(1-¢)'(-¢)"O-¢,)" Include all 1, 2, measure errors &
= exp[-nd(g +¢,)+ne, ]
= exp[-N,] Need total error N, < 3
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I:)0_|1 (qualntum)l ] e-p.l..;;;lasaaala‘::;:::::....
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5

histogram of measured p(k)/p

iInformation
distance
test

additional
distribution
test



How Close are Google Experiments?
1-D chain: n=49, d=49, £,=0.005 N, =12

2-D array: n=49, d=7 , ¢,=0.005 N, =1.7

Barends et. al. : 1000 gate sequence 1000 bump bonds working

i i | |

ﬁ chip

carrier




Summary: Digital Algorithms Possible?

Working to demonstrate exponential state-space

Can develop short algorithms that are useful?




Scaling of Hardware (end of summer)

Revised 200k lines of code 100 chan [crate, Gs/s DAC 0.5 m dilution refrigerator

code review, automate tests

martinis Private

<> Code Issues 259 Pull requests 17 Wiki Pulse Graphs

Tools for running a superconducting qubit lab: experiment scripts, simulation, etc.

® 5,123 commits P 213 branches 5 relea

Branch: master v New pull request Create ne

\,"\ maffoo committed on GitHub Bump versions in windows install script (#1478) ..
N

@ docs Create dedicated readout module.

i fpgalib Fix tests in fpgalib/test/test_fpga_server.py (#1468)

@ ghzdac Fix minor bugs in ghzdac/calibrate (#1434)



Myths about quantum processor

IBM: 5 qubits, free.

1) Quantum platforms that
need cryogenics are not futuristic

2) Neutrino-ised qubits
for gaining longer
coherence times

3) There is nothing interesting to
do without error correction

4) We need exponential speed-up

5D 25 e T ]

AMAU

D-wave: 512 qubits
2000%/hour

10° 10*
Kinetic Energy (keV)
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Daniel Sank  Jimmy Chen Pedram Roushan Josh Mutus John Martinis
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