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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 look so easy.” 
																																		 	 	 														-- Richard Feynman (1981) 

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

Digital simulator 

Analog simulator Let nature calculate for us ! 



Digital 

Taxonomy of Quantum Computing 

no errors 
exp. state space 

math proofs of power 

Error Correction 

Shor Grover 
exp. 

speedup 
quadratic 
speedup 

Provable exponential power 
An error destroys calculation 
 
Requires large machines 



Quantum 
Annealing 

 

Universal Quantum 
Computer without error 

Correction 

“coupled 
  spins” 

Digital 

Taxonomy of Quantum Computing 

  

no errors 
exp. state space 

math proofs of power 

Error Correction 

Analog 
errors 

lack math proofs 
practical machines & algorithms. 

50 qubits,  
1015 state space 

Quantum 
Supremacy 

Shor Grover 
exp. 

speedup 
quadratic 
speedup 

Feynman 
Simulators 

Provable exponential power 
An error destroys calculation 
 
Requires large machines 

Incorrect to state: 
   exponential power 
   not useful 
 
Need deep understanding of 
  power and system req’s 

Self- 
simulators 



Engineering platforms 
Spin qubits Ultra-cold atoms Trapped ions 

Many	body	physics		 Long	coherence,	
Room	temp.,	Solid	state	

Toyli, et al., N
ano Lett. 2010 

High	fidelity	logic	gates	

M
onroe, et al., S

cience 2013 

B
loch, N

ature P
hysics (2005) 

Superconducting circuits 

Scalability 

C
on

tro
lla

bi
lit

y Full	fledged	
quantum	
simulator	

Conventional	
cond.-matter	 + 

while maintaining coherence 



 Outline of 3 Talks:  
Feynman Simulators 

•  Physics of superconducting qubits 

•  Simulation with uber-controllable gmon’s 
      Molecular collision chemistry 
      Chern number 
      Ergodic  
      Gauge coupling 
 
•  Future 
     Quantum supremacy 
     Capabilities 
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Geometry of Harmonic Oscillators and Qubits 

Ψ = cos α2 0 + sin α
2 e
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Both vectors have 
length α, phase φ
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Xmon	Circuit	
			

Flux	Bias	

Self	capacitance	

Readout	
resonator	

Bus	AC	drive	

Frequency (Z) 

µwaves (X,Y) 

Variable L 
ground  
plane 

Transmon is non-linear LC oscillator 



Junction is Nonlinear Inductor 

LJ 
I0 

     = Φ0/2πI0cos δ
nonlinear inductor 
LJ 

Looks like  

Junction energy: 

Small signal: 
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dim’less: 

energies: 
charging                Josephson 
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Qubit: Weakly Anharmonic LC Resonator 

Harmonic oscillator: 

Non-linearity  η = Ec ~ 200 MHz: 
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Qubit: Microwave Drive 

C LJ 
I0 

Ĥb =QbV̂ =QbQ̂ /C

= iVbQzp(Cc /C) â− â
+"# $%

∝Vbσ̂ y

Vb 

C LJ 
I0 bcb VCQ =
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Use weak coupling (Cc << C) 
  but strong drive with large Vb 
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Microwave drive 
on resonance: 
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Randomized	Benchmarking*	
Realis8c	mul8-qubit	test	of	long	algorithm		
				(1000+	gates)	

10	us	

1 

0

10 +

1

10 i+

10 −

10 i−

Clifford gate set: 
“rotation” to  
6 states 

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



Resonator – Resonator Coupling (Classical) 
Cc 
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Qubit – Qubit Coupling (Quantum) 
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Swapping Physics of States  
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Q1	

Q2	

X	
CZ	

X/2	 θ/2	

No	X	X	

π

|0)	or|1)	

Functionality Check (truth table) 

1111

1010

0101

0000

−→

→

→

→

truth 
table 

*Similar to Strauch; DiCarlo; Yamamoto 

MHz 30 22/ =πg

CZ entangling gate* 

New theory for Fast Adiabatic Gate: 
      tgate 2g/2π=1.1	for 10-5 error 



Fast	(40ns)		
Accurate	FCZ	=99.45(5)%	

Performance of CZ gate 

CZ CZ CZ CZ CZ 

2-qubit	randomized	benchmarking	



The gmon Architecture : Adjustable Coupling 

A	homebuilt	variometer	
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spectroscopy: see coupled states 
  (also measure swapping) 



The gmon Architecture : Adjustable Coupling 

A	homebuilt	variometer	
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Dispersive Physics of Resonators  
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Dispersive Readout - Semiclassical 
g q r 

Δ
η

2

222

Δ
≅

+Δ
−

Δ

ggg
η

η

|g〉  
|e〉 

from avoided  
level crossing 

|g〉  |e〉 

Resonator frequency 
  changes for |g〉 and |e〉 

λ/2 resonator (7 GHz)             xmon (6 / 5.8 GHz) readout to amp 



Qubit Measurement 

1. Measure with large signal / noise 
    Resonator (large n) signal  
    and quantum limited preamps 
 
2. Shift of resonator frequency with qubit state 
    Dispersive interaction 
 
3. Phase shift of readout signal 
    Good separation of states   
 
4. Collapse of entanglement gives projection 
    Coherent state is eigenstate of dissipation 
    (a pointer state) 

Im{α} 

Re{α} 

g αg

e αe

e + g( ) 0 → e αe + g αg

                   →
50% :    e αe

50% :   g αg

"

#
$

%$

a α =α α

α 



Fully controllable & coupled qubits 







Simula>ng	Quantum	Chemistry	with	a		
Fully	Coupled	Quantum	Processor	

Molecular	Collision	of	Na	and	He	



3P	

En
er
gy
	(e

V)
	

He	 Na	

0	
Ioniza8on	

-25	 1S	

2S	
3S	

-5	

He:		1s2	
Na:		[Ne]3s1	

2.1	eV	

Inelas8c	Sca^ering	of	Na	&	He:	
Experiment	

[Olsen	1977]	

Na(3p)+He(1s2 )   [1 2Π]

Na(3p)+He(1s2 )   [2 2Σ+ ]

Na(3s)+He(1s2 )    [1 2Σ+ ]
Sim
1→

Sim
2→

Sim
3→



Molecular	Collision	H(t)	

Inelas8c	Sca^ering	of	Na	&	He:	
Numerical	Computa>on	
	

Diaba>c	Poten>als	&	Couplings	(a.u.)	

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

Na(3s)	orbital	

Na(3p)	orbitals	
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Pritchet	et	al,	arXiv:1008.0701	(2010)	
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Hqc(t)	Scaled	for	QC	

|g	(t)|	<	5MHz	

λ=109	

Inelas8c	Sca^ering	of	Na	&	He:	
Scaling	H(t)	for	QC	
	

Molecular	Collision	H(t)	 Hqc(t)	Efficiently	Scaled	for	QC	

λ=λ(t)	

tqc	(ns)	0	 300	tqc	(us)	0	 25	t	(fs)	0	 25	
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Tunable coupling 
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x tgtHtHtHH )()()()()( , σσσσσσσ

3	Qubit	Quantum	Processor	
	with	Full	Connec8vity	&	Full	Controllability		

gmon	Architecture	
High	Coherence:		T1~20us	

	 	T2~12us	
	

Tunable qubit frequency 

Modulate	g	in	~	ns	

)( BiasFlux Coupler 0Φ
0	 0.5	

C.	Neill	et	al.		In	prepara8on	

Yu	Chen	et	al.		PRL	(2014)	



Simulation Conditions 
Initial Channel = |1> 
v/c = 7.3x10-4 

b = 0.053 Å 

Inelastic Scattering of Na & He:  Quantum Simulation 
 

3% 

41% 
53% 



Simulation Conditions 
Initial Channel = |1> 
v/c = 7.3x10-4 

b = 0.053 Å 

Inelastic Scattering of Na & He:  Quantum Simulation 
 



Simulation Conditions 
Initial Channel = |1> 
v/c = 7.3x10-4 

b = 0.053 Å 

Inelastic Scattering of Na & He:  Q. + Num. Simulation 
 



Inelastic Cross Section: 
Comparing Simulation to 
Experiment 

dbECPb∫
∞

−∗=
0

1 ))(1(2section  Cross π

Numerical 
Computation 

Quantum 
Simulation 

Experiment 
[Olsen 1977] 



Observation of Topological Transition  
in Interacting Superconducting Qubits 



Outline 

2) non-interacting Hamiltonian 

1) Dynamical method to 
study topological phases 

3) Interacting Hamiltonian 

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) 



Dynamical method to measure Chern 

Gritsev and Polkovnikov, PNAS (2012) 

Parameter  
space 

real  
space 

Magnetic	
monopoles	
enclosed	

Chern	Gauss	law	

Magnetic	field	

Singularities		
of		the		

Hamiltonian	

Berry	
Curvature	

V0 

B 

)()( 2
11

vOBvF PP +×=

1P
F

dt
dPv 1=  velocity of changing parameter 

          deflecting force that state experiences 

Adiabatic error is due to Berry curvature     



Chern number: spin ½ system 

Hilbert Space 
 (Bloch   sphere) 

05.01)sin()(
0

±=><= ∫ dtHCh y
T

rg
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θσψ

Curvature →   

tomography 

Parameter space 
(magnetic field)  

degeneracy 

non-adiabatic 
 response 



Topological phase transition 
using a single qubit 

  

A

B

C

D

A

B

C

D

H0 

Hr 

singularity 

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



2-qubit parameter space 

Q2 parameter space Q1 parameter space 



Topological phase transition diagram 
 in an interacting system 
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Summary 

Dynamical method to study topological phase transition. 

2 Coupled qubits: 
observed an interaction-induced 
transition.  

Topological phase 
diagram for Haldane 
model and visualized 
topological phases 



Ergodic dynamics and thermalization in an  
isolated quantum system 



No Chaos in the quantum world ! 

Chaos?!  
Not in my world! 

ψ δψψ +

ψU

δψψ +U

Hilbert space 

Hyper sensitivity to initial conditions 

some later time 



At the quantum-classical border… 

W. H. Zurek (1998)   

W
. H

. Zurek, Los A
lam

os S
cience (2002) 

“Decoherence can produce a smooth quantum-to-classical transition”  

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



Chaos, Ergodicity & Thermalization 

Ergodic hypothesis:  
 

Time average = phase-space average 

Isolated quantum systems:  
 

Chaotic        Ergodic       Thermal	

Most classical systems:  
 

Chaotic       Ergodic       Thermal	?	



Ergodicity in three fully-coupled qubits 

Kicked top model: quantum and classical limit 

Can a small quantum system act as its own bath and thermalize its sub-system?  

Can we see ergodic dynamics and thermalization of the full system?  



Classical kicked top model 

NYZN rpRZRr !! )()(1 κ=+

rotation twist 

5.0=κ

5.2=κ

Lyapunov ≤0 , Lyapunov >0  



Classical kicked top model 

NYZN rpRZRr !! )()(1 κ=+

rotation twist 

Lyapunov ≤0 , Lyapunov >0  

stable islands chaotic sea 

5.0=κ

5.2=κ



Quantum	kicked	top	:	mapping	to	3	spins	

3 qubits Spin-3/2 
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3 / 2 −3 / 2 = 000

Confining to symmetric subspace 



Realizing the dynamics with qubits 

<	x	>	
<	y	>	

<	z	>	 <Jz>	

<Jx>	
<Jy>	



Quantum trajectories 



Thermalization of subsystems ? 

sqsqTrS ρρ 2log−=

10 ≤≤ S
Pure state Maximally 

entangled 

sqρ -single qubit density matrix 

Sub-system 



Entanglement entropy of subsystems 



Entanglement entropy of subsystems 



Entangled induced thermalization 

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



Entanglement or decoherence ? 

>< 21yy >< 31yy >< 32yy

>< 321 yyy

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



Ergodic dynamics in the full system 

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

Overlap = Tr ρmcρ ρmc
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Summary 
Study quantum dynamics in a small 
system with a classical counterpart 

Ergodic dynamics of the full system 

Thermalization of sub-system and resemblance 
with classical maps 



Chiral groundstate currents of interacting photons 
in a synthetic magnetic field 



Fully controllable & coupled qubits 



Many-body physics 
1) Fermionic systems 

2) Bosonic systems 
? 

Fundamental 
physics		

Topological 
computation		



Many-body phases in interacting bosons 

1) Strong interactions 

2) Synthetic gauge fields 

3) Engineering flat band structure 



Theory and experiments so far… 

A. Petrescu et al., PRA (2012) 
J. Koch et al. , PRA (2010) 
A. Nunnenkamp et al., New J. of Physics (2011) 
A. L. C. Hayward et al. , PRL (2012) 
M. Hafezi et al., PRB (2014) 
 
E. Kapit et al., PRX (2014) 

Superconducting qubits 

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) 
J. Ningyuan et al., PRX (2015) 
S. Raghu et al., PRA (2008) 
Z. Wang et al., Nature (2009) 
A. Khanikaev et al. Nature materials (2013) 
D. Hugel et al., PRA (2014) 
S. Kessler and F. Marquardt, Phys. Rev. A (2014) 
M. Atala et al. ,Nature Physics (2014) 
J.  Flavin et al., PRX (2014) 

Cold atoms and trapped ions 



On  and off resonance tunneling 
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modulating coupling terms  

where,  

, and if	

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

Engineering complex hopping 

Universal two-qubit interactions: E. Kapit, PRA (2015) 



Pulse sequence In the lab:  

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



Single photon circulation 



Single photon circulation 
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Classical non-reciprocity 

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)   



Entanglement circulation 

OR 



Signature of strong interacting photons 

0010 =ψ

0110 =ψ



Signature of strong interacting photons 

0010 =ψ

0110 =ψ



Signature of strong interacting photons 
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Ground state chirality 

Adiabatic ramping 
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Chiral currents in groundstate  



Understanding chirality 
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Manifolds with fixed number of qubits are 
decoupled 



11.5 mm 

A
n optical m

icrograph of the 9-qubit chip.  

At Google we are focusing on quantum computation 
and  

we are open to ideas 
 

  1,000$   vs.   1,000,000$ 

…	 …	



Quantum vs. Classical-Supercomputer Challenge 



Quantum Supremacy 
Proposal by Google Theory Group* 

*S. Boixo et. al., arxiv soon   

•  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 1015 state space 
     Forward compatible to error correction 



Algorithm for Supremacy Test: Qubit Speckle 
1) Run 1 sequence, chosen randomly from gateset 

     Clifford     Non-Clifford 
 
 X, Z, H, X1/2…     Z1/4 
 

 
       CZ                

3) Random guess: any outcome k has probability  pcl = 1/2n 

4) Calculate |ψ〉,  p(k)= |〈k|ψ〉|2 not uniform; store in lookup table 

     (fully entangled with complexity 2n: 1-D, d>n;  2-D,  d>n1/2) 

2) Run quantum computer, measure k  (0 to 2n-1; ex. 5 = {0…0101}) 
     repeat sampling 100,000 times 

5) Correlation: cross entropy S = 〈 ln p(k)/pcl 〉

6) Compare to theory Squ ≅  0.42    quantum 
Scl  ≅ -0.58    classical 

n 
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d (time) 
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 k
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|ψ
〉 

= 
|0
〉

7) Try another sequence 

1 s 

days 
200 drives 
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How Does it Work? 

index k’  [p(k)-ordered] 0 2n 

pr
ob
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ty
  p

(k
)/p

cl
 •  Gaussian distribution Re{Ψ} & Im{Ψ} 

     gives Porter-Thomas (exponential) 
     distribution  
 
•  With one error anywhere 
    distribution is flat (classical like) 

 Stot ≅ P0 Squ + (1-P0) Scl 

P0 = (1−ε1)
nd (1−ε2 )

nd (1−εm )
n

≅ exp[−nd(ε1 +ε2 )+ nεm ]
≡ exp[−Ne ]

Include all 1, 2, measure errors ε

Need total error Ne < 3 ~ 

probability of no error 

e-
p  
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number of errors  Ne ≅	nd ε2  

histogram of measured p(k)/pcl  
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P0=1 (quantum) 

P0=0 (classical) 
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 additional 
distribution 
     test 

need Ne < 3 ~ 

e-p 
pe-p 



How Close are Google Experiments? 

1-D chain:  n=49, d=49, ε2=0.005         Ne = 12  

2-D array:  n=49, d=7  , ε2=0.005         Ne = 1.7  

Q1 

Q2 

Q3 

Q4 

Q5 
Q6 

Q7 

Q8 

Q0 

Barends et. al. : 1000 gate sequence 

carrier 
chip 

1000 bump bonds working 



Working to demonstrate exponential state-space 
 
Can develop short algorithms that are useful? 

Summary: Digital Algorithms Possible? 



Scaling of Hardware (end of summer) 

4000 superconducting bump bonds 

0.5 m dilution refrigerator 

1000 coax wires 

100 chan./crate, Gs/s DAC Revised 200k lines of code 
code review, automate tests 



   Myths about quantum processor 
 
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 

IBM: 5 qubits, free. D-wave: 512 qubits  
2000$/hour 
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