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Analog Simulation
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Digital Computer simulation

Without the computer-based simulation, the
material culture of late-twentieth-century
microphysics 1s not merely inconvenienced — It
does not exist. Machines are 1nseparable

from their virtual counterparts — all are bound to
simulations.

—Peter Galison

From Image and Logic:
A material culture of microphysics (1997)




The current simulation paradigm
(1929-)

“The underlying physical
laws necessary for the
mathematical theory of a
large part of physics and

K .
the whole of chemistry are 4 {‘ g Y0, ) I

thus completely known, RS al.
and the difficulty is only o .
that the exact application { .
of these laws leads to 4 o
equations much too /

complicated to be
soluble.”

aul Dira




Computational chemistry and drug

design




The current paradigm

guantum system Quantu_m model_
(quantum information)

E=-192.0492 Hartree -

] ] ] Classical information
Classical information
processor




Some alternatives

DFT: Errors in transition states,
Charge transfer excitations, anions,...

CCSD(T)

Full Configuration Interaction:

Exact treatment Exact (within a basis)

M. Head-Gordon, M. Artacho,
Physics Today 4 (2008)



Quantum computer simulation of
physical systems

............

vvvvvvvvvvv
..........

Richard P. Feynman
: 1982




Quantum computer simulation
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quantum system quantum system
(quantum information)

R. P. Feynman, /nt. J. Theor. Phys. (1982)



The quantum computing paradigm

Quantum model

uantum system - -
q y (quantum information)

E=-192.0492 Hartree -

: : : uantum information
Classical information Q

processor




The quantum advantage

Computational task Classical cost Quantum cost

Factoring gO(n'2log®>n) o2 |0g nloglog n)
Search O(n) O(\/n)

Full Cl e®(n) O(nP)

Chemical dynamics e@") O(r?)

Protein folding e@(n) ?

» Full Cl: Aspuru-Guzik et. al, Science (2005). Huang, Kais,

Aspuru-Guzik, Hoffman, Phys. Chem. Chem. Phys. 10, 5388 (2008);
Molecular Properties: Kassal, Aspuru-Guzik, J. Chem. Phys. 121,
224102 (2009), Experiments: Lanyon et al., Nature Chemistry 2, 106
(2010). Du et al. Phys. Rev. Lett. 104, 103502 (2010)

Chemical dynamics: Kassal, Jordan, Mohseni, Love, Aspuru-Guzik,
Proc. Nat. Acad. Sci. 105, 1868 (2008), Ward, Kassal, Aspuru-Guzik,
J. Chem. Phys. 130, 194105 (2009)

Protein folding (random heteropolymer minima): Perdomo, Truncik,
Tubert-Brohman, Rose, Aspuru-Guzik. Phys. Rev. A. 78, 1, 021320
(2008) Experiment: Perdomo et al. In Preparation.



Quantum computer hardware
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superconducting loops
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Quantum computer simulation

State Time Property
preparation evolution readout

Merlin Arthur



Complexity classes

» Quantum Merlin Arthur
(Complete: two-body Hamiltonian problem)

Decision problems that have a proof that can

be verified by a quantum computer

» Bounded Quantum Polynomial (BQP)

The class of decision problems solvable in

polynomial time by a quantum computer




Quantum complexity of chemical
simulation

Including
Preparation
(molecular
Instances)

Simulation



Wave-function
encoding

Qubits required
to represent the
wave function

Molecular
Hamiltonian

Quantum gates
required for
simulation

Second quantized

First quantized

Fock state in a given basis:

1

J:hrl xz X3 .x;|

|¢) = [0100)

TT1
i

On a grid of
2" sites per
dimension:

17
|
1

W)= a,|x)

I ENEEEEEENENE|

-
i

One per basis state (spin-orbital):

'3 300 C,H,, cc—pVTZ
g 250
E_Em_ C.H,., 6-31G
= 150
g 100 - H,0, cc-pVTZ
S <« C,H,, 6-31G*
o H,0,6-31G*
0 1 1 | | | |
0 50 100 150 200 250 300
Basis set size

3n per particle (nuclei and electrons):

0 | 1 | L 1 I | l |

3 4 5 6 7 8 9 10
Number of particles

Coefficients precomputed classically:

1
t _ t At
thapaq+ 5 hpqr;ﬂpﬂqﬂrﬂ;
[ pars

Interaction calculated on the fly:

pi g;9;
2am "2,

Foogej Tl

O(M?3) with number of basis states

O(B?) with number of particles

« Compact wave-function representation
(requires fewer qubits)

« Better asymptotic scaling (requires
fewer gates)




First- Quantized qubit requirements

3000 -
- =compact, 6-31G* (approximate)
2700 1 . - -compact, cc-pVTZ (approximate)
2400 - direct 7
<& compact, 6-31G* (examples) / -
2100 -
O compact, cc-pVTZ (examples) 2 4
1800 A 7~
2
-g 1500 A
(o
1200 - _
a®® L
- c
900 - o
600 -
300 -

0 150 300 450 600 750 900 1050 1200 1350 1500
Spatial Basis Functions

T e

"Q.,“ ‘,D o
o"f‘c i J
© P '*
a benzene b caffeine c cholesterol

A. Aspuru-Guzik, A. D. Dutoi, P. J. Love, M. Head-Gordon, Science (2005)




Time Evolution

Molecular Hamiltonian

A A b 1 At ata A
th =D (PIT+ WnIg)asaa — 5 D (pl{ql Velr)|s)a)a5aras
P.q

p.q.r.s

q—1
—th —ihxt/M at 2 VD vq ~i | DPpPa
[”e ’f/} ahag — XPX9 | T[ o%| P4P;
i=p+1

» Number of Terms in H grows as N,
» Each term involves a controlled action on at most 4 qubits
» Few gates required by term



Read-out
Phase estimation algorithm

o) {Hdle P

0 HdH—e AP |

“}'Hd ' g QFT _C;b >Immn .L 111
0){Hd r ped)

W)~ U O HO O P

Choose t; Et = —27¢

O(t)|w) = e Pw) = e Et|w)

Abrams, Lloyd, Phys. Rev. Lett (1997)



Two-qubit gates required for simulating molecules

Whitfield, Biamonte, Aspuru-Guzik, S JI«VENE NI« R RVELEVAINC{ORY

Number of CNOTs required for molecular simulation (Trotter step=1 au)

Cholesterol

Caffeine

Benzene

Two qubit operations
=
DI—'

“s00 1000 1500

Qubits
Benzene Caffeine Cholesterol
- i.‘l- » . i if ‘
';'a‘ ey % ’i‘t“"' 3 “




Error correction scaling

Ising model in Transverse magnetic field : Ken Brown (GATech)

15

10

Level 3 EC

No EC Required Level 2 EC

Universal
Gate Set
+ Solovay-Kitaev/:

100 Days Line

Change in Error Cofrectimn Level

107 | 5 [ =&~ Logical Cycles (K)
: Days of Computation
:| =~ - ~ Logical Cycles without EC

Cycles (K) and Days of Computation

-10 | | [— | ] | | : | I I
0 2 4 6 8 10 12 ) 14 16 18 20 22
Ground-State Energy Precision (M)

N=100 TIM
Gates and time required for simulating 100 spins on ion trap QC

Clark et al, PRA (2009)



The Simulation decision tree

Kassal, Whitfield, Perdomo, Yung, Aspuru-Guzik,

A Annual Review of Physical Chemistry 62, 185-207 (2011) arxiv:1007.2648



yorid adiabaticC gate—mo e
J. D. Biamonte, V. Bergholm, J. Fitzimmons, J. D. Whitfield, A.

Aspuru-Guzik, Adiabatic quantum simulators.
AIP Advances 1, 022126 (2011

o Hamiltonian to simulate

E HT: ZL.!J—I'_ZI{F

2 vel ec i

o

o Start with: (eg. Transverse field)

s Hy=Hg;@ 1p+ 1g®@ Hp.

©

S

< - Adiabatically turn on Hs

Hy=Hst®l1p+ 1s® Hp.

One gate-modgf probe qubit (P) Slowly interact using operator A

Ho = Hy + A® |p1)}{p|,
Ramsey spectroscopy ——

(or phase estimation) Hgsp
on probe qubit



Progress in full Cl algorithm

MOlECU | ar - O(D) evaluation of forces and derivatives

i - Kassal, AAG, J. Chem. Phys. (2009)
Properties

- Kassal, Ward, AAG, J. Chem. Phys. (2009)

State pre pal"atiOn - Huang, Kais, AAG, Phys Chem .Chem.
Phys. (2008)

Resource . Whitfield, Biamonte, AAG, (Molecular
Physics. (2011))

estimation

- C. R. Clark, ..., K. Brown, Phys. Rev. A.
Error Correction el




Quantum optics experiment




The first quantum computing for
chemistry experiment

Quantum Technology Lab - Brisbane, Australia

Ben Lanyon Andrew White M. DeAlmeida Geoff Gillet

Aspuru-Guzik research group - Harvard, USA
RIS
{ N
I,. .

James Whitfield lvan Kassal Alejandro Perdomo  Masoud Mohseni

Lanyon, Whitfield, ..., Kassal, Aspuru-Guzik, White, Nature Chemistry (2010)




The hydrogen molecule

!

ground-state

‘___’/




The hydrogen molecule

STO-3G Basis set, Full ClI

025~

0.15:
0.1}

0.05 -

E - 2H (Hartrees)

| 1

-0.25 - : * : : : :
0 15 2 25 3 3.5 4 45 5
r (atomic units)

Lanyon, Whitfield, ..., Kassal, Aspuru-Guzik, White, Nature Chemistry (2010)




Experimental setup

Classical feedback

a) +—

00— H I R(w,) HH > C) [ —R (jo T

)y ——"— 2" [p) —U'F AR®HRMHR GF
b) «—

4

N\
I]M2 I 820+1.5nm
' filter
[lM4 q Fibre
Digital coupler

d
_[H]_ UZ"" _D : analysis € secm pBS

LF

SPDC

Lanyon, Whitfield, ..., Kassal, Aspuru-Guzik, White, Nature Chemistry (2010)







Experimental energy curves

And photons per energy evaluation

a) H2 potential energy surfaces D) 1 photon per bit
35_ ...... ....... ...... ...... ....... ........................... 250 . v
: : : : : : : O Ground
. : ‘ : . . . ¢ Excited 1
3___5_ N T U A Excited 2 | .
: : : : : : : O Excited 3
theory

11 photons per bit
400 .

Energy (Hartrees)

300

200

100

-05 i I I 1 i ] i I i ] 0 M
05 1 15 2 25 3 35 4 45 5 5 10

atomic sepe ration (au) Attempts before success

Lanyon, Whitfield, ..., Kassal, Aspuru-Guzik, White, Nature Chemistry (2010)




NMR calculation of H2 using
chloroform!

A second experiment (3 months later)

(a) Relative Phase

H T Measurement

Molecular Enargy

o 2 4 &6 & 10 12 14 74 ?B?BBDBE
ltaration & MMB Frequency (ppm)

Du et al., Phys. Rev. Lett. (2010)




Rgc

Chemical reaction dynamics

H+H, — H, + H

| RAB _ Rpc
‘ IIIIIIIIIIIIIII]IIIIIIIII‘ *
A B C
|
2 2 2 ' |
mg (3 Al (3 .
Rag Rags Rag Ras Ras
t=0 t=875 t=1750 t =2625 t = 3500

Kassal, ..., Aspuru-Guzik Proc. Nat. Acad. Sci. (2008)



Total qubits required
to store the wavefunction

300

2501

200F

1501

100

50,

Chemical dynamics
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He Pl Box of six He atoms
H o ! \\
[ : \\
! N
! N

1 L3 1 1 1 L ~ 1 1
2 3 4 5 6 7 8 9N10 11

. ~
Number of particles ~

~

~

Elementary quantum gates
required per time step (thousands)

/

~
\\\
\\
1000 == === PR,y
B !
! Coulomb
800f !
| ]
'
600 ! Lennard-
. Jones
400} :
:
[ ]
2001 : Box of six He atoms
/ ]
/0-1 L L L L L 1 1 1 1 L
/ 2 3 4 5 6 7 8 9 10 11

Supercomputer

Number of particles

Kassal, ..., Aspuru-Guzik Proc. Nat. Acad. Sci. (2008)

A. P. Steane, Quant. Inf. And Comp. (2007)



Chemical dynamics experiment

(@) H
—ERE

(b)
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week ending

PRL 107, 020501 (2011) PHYSICAL REVIEW LETTERS 8 JULY 2011

Simulation of Chemical Isomerization Reaction Dynamics on a NMR Quantum Simulator

Dawei Lu,' Nanyang Xu,' Ruixue Xu,' Hongwei Chen,' Jiangbin Gong,m Xinhua Peng,' and Jiangfeng Du'"*

]Hefer' National Laboratory for Physical Sciences at Microscale and Departinent of Modern Physics,
University of Science and Technology of China, Hefei, Anhui, 230026, China




| Preparing
;’ states for
. gquantum
simulation
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What about state preparation?

Or how Arthur has to pick a poison

‘ Adiabatic preparation

Projection using phase
estimation

¥ Cooling it, like a Demon! ™

Prepare a polynomially-scaling
approximation from quantum

e

chemistry




Adiabatic preparation

HO — HHa/rtreeFock: H()\) = (1 — )\)HHO + )\HFull Hf — HF'u,ll

Start with a Hamiltonian that is easy to prepare and then deform
adiabatically to the Full Hamiltonian.

If slow enough, you will have a high probability of remaining in
the ground state




Adiabatic preparation

Fidelity

Fidelity

0.7 1

A. Aspuru-Guzik, A. D. Dutoi, P. J. Love, M. Head-Gordon, Science (2005)
Du et al., Phys. Rev. Lett. (2010)




ical feedback

Class

Adiabatic preparation
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SCIENTIFIC
REPg}RTS

Heisenberg Hamiltonian in an external field

—
Q
—
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2 |

£ 0.2 s (|01) + [10))/V2 ,-

3 [

e 019 i

& 0.0 :
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-0.2- critical point i
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000 025 050 075 100 125 150
Magnetic field (in units of h)

13C-labeled diethyl-fluoromalonate

7 1H

13¢ 19 T1 T2
oy 400 MHz 285 125
13C  160.7Hz 100 MHz 29s  11s

2k 476 Hz -1944Hz 376 MHz 3.1s 138

Solving Quantum Ground-State Problems
with Nuclear Magnetic Resonance

Zhaokai Li'*, Man-Hong Yung?*, Hongwei Chen', Dawei Lu', James D. Whitfield?, Xinhua Peng’,
Alan Aspuru-Guzik? & Jiangfeng Du'’

Two-qubit experiment to
demonstrate state preparation

to 10-5 precision in the phase
and simulate 2-qubit Heisienberg
model “phase transition”

Li et al., Aspuru-Guzik,
Du Scientific Reports 1:88 (2011)

Projection using phase
estimation



SCIENTIFIC Solving Quantum Ground-State Problems
RE Pg}RTS with Nuclear Magnetic Resonance

Zhaokai Li'*, Man-Hong Yung?*, Hongwei Chen', Dawei Lu', James D. Whitfield?, Xinhua Peng’,
Alan Aspuru-Guzik? & Jiangfeng Du'’

R
@ |0, ' H T ? < < 75 U(@)=exp(-iBlzlz) =n N
fra— - . ! ] 2 g
| L= A | Gzl -
I0>Di Ll - ‘% Wv‘*,..~wv~,_'ler~ z""WK z— :
a | e | ll [~ . - —— — t—r—
Ll o~ > — R - L] ' '
= |8 = = = = - '
0>, |4 - - > > | ; ; — e S ' ' '
10>, . xi)l 5; L3 | L] L u(e) ofan) ) 0/ams )}
H Hadamard 2 Rx{-r/2) Ry(n) Wy ep(inly) Vx(t) expl-i ) Ixixt) Y-pulse: Ry(8)=exp(-i 0 ly)
L1 Ry(2n/3) L3  Ry(0.195n) Rx(n/2) Wx expl-inix) Vyz{t) expl-i)(lyly +1212)t] :
S N B S e I X-pulse: RX(B)-'—GXD('I 2] |X)
(b) w2
Uin) Win) Uin} (=)
qubitc —= '
/3 n2 02 /2 -nf2 2 =202 w2 -2 N2 WIn2 2 2 -2 w2
N T TR N i
a2 n/20.155x n/2 nJj2 nf2 /2 n2 ’ /2 -
qubita - - - —
U(0.195n) W2} Ui /2) wy2) w/2) wit/2) uly2)

Projection using phase Li et al., Aspuru-Guzik,

estimation Du Scientific Reports 1:88 (2011)




SCIENTIFIC
REPLIRTS

: Eigenvalue spectra
Ground state

(a)

Solving Quantum Ground-State Problems
with Nuclear Magnetic Resonance

Zhaokai Li'*, Man-Hong Yung?*, Hongwei Chen', Dawei Lu', James D. Whitfield?, Xinhua Peng’,
Alan Aspuru-Guzik? & Jiangfeng Du'’

=

Excited state

(b) '

=0.1 =
o ‘ 8
. 0.0001 =
. 0.00001 Eo
£
o
=
(o]
2
¥ B v B b
S % S Y _
(c) (rescaled Energy) (rescaled Energy) Iteration
Iteration 1 2 3 4 5 Theory
Ground state -0.145937 -0.119458 -0.119242 -0.119340 -0.119363 -0.119366
Excited state 0.048645 0. 038916 0.039729 0.039778 0.039783 0.039788

Projection using phase

estimation

Li et al., Aspuru-Guzik,
Du Scientific Reports 1:88 (2011)




Quantum Cooling
via Random Walk

Cooling it, like a Demon! ™

State preparation (and cooling) remains one of the

hardest quantum computation tasks
\

We present a simple, experimentally

Implementable cooling algorithm
\

The method is related to: imaginary time evolution,

evaporative cooling, weak measurements...
S

Jin-Shi Xu, Man-Hong Yung, Xiao-Ye Xu, Sergio Boixo, Zheng-Wei Zhou,Chuan-
Feng Li, Alan Aspuru-Guzik, and Guang-Can Guo, Submitted (2011)




Cooling it, like a Demon! ™

|0> < H —Y—T— H - Measure

Meet the cooling

U output
module Input P

H.= System Hamiltonian; U =exp( -iH.t),

H = Hadamard gate; Y = |0><0]-ie|1><1]

Before measurement...

the state becomes




Cooling modules
are cool.

Cooling it, like a Demon! ™

Ground state
Q : -
© 1
3 | ‘1% excited state
| - I 1
o I
c 1 :
] Lo 2"d excited state
.E | | I
o T + 3 excited stat
ﬂJ ! | ! |
D: : I L] |
: P ! !
T m
- -5 g by D, by - n
any state >, >=1 C |e>,
Input state Y >, b « Gl

where H |e,> = E, |e>

(1+ieY U)| P > or (1-ieT U)|P >

{up to a normalization constant)

Output state

> > (lie"U)|)>,

Coolin
8 lee ]2 = | |2 x (1-sin(d,)), where d, =E t-Y




Cooling via Random Walk

Cooling it, like a Demon! ™

---------------------- Start over
Tnn
3
Recycle?
(x=0) -]
['yes 011/
L x<0? ¥ -
(x=-1) @ @ -
i heatin reject/recycle (x=1) (x =3)
v 24 . .
x=x-1 : .
State
Preparati'an v — . cooling ok Yes Keep state,
(reservoir) 4 Module RSS! n=n+1
no
4 0%
- (P

P
e

Define System Hamiltonian Hq



Tomography
i

Single e g e .
Photan ‘ Cooling / i ‘.
1 ' Module "z
I | T L
AR - .. ' « Reject/recycle
_-_.l- L — I— -, '_\ : Cﬂﬂling D’Utput =1 " / v
\ ) . :/_'_ : Module (X=-1;heating) |
State Preparation I ’ Optical path e
' (x=0) |0>—— "
o ! Output = 0
‘ : Polarization | (X=1: cooling)
____________________ - 0> R [-e1{YHY:
< 123 45 6
E | | = <
PBS HWP QWP IF FC SFD FC
Step 1: (o 0=+ |1=)| 0= Step 4: o (a|0=+b|15) 0=+ B (a]|0=+ b|1>)| 1> R|O>=c |0=+[ | 1=
Step 2: o|O=|0= + B|1x]1> Step 5: (eal0>+Bb|1>)|0>+(ab|i>+Ba|0>) 1> Where: U,|0>=U, |1>=a|0>+b|1>
Step 3: afal0=+b|1>)| 0=+ B |1>|1> Step 6: lcta|0>+Bh|l>)|0=+{ab|0>+Ba|l>)|1> a=|1+ie?)/2, b=(1-ie")/2

Cooling it, like a Demon! ™




Expe ri mental data é Cooling it, like a Demon! ™

Theory Experiment () Experiment (X) 4
;o I Y WEEE -
,i Step 1 . . §
r.ﬂ_. Step 2 - . %
9 - B0 R IE
0° 10° 30°60°  0° 10° 30°60°  0° 10° 30° 60° i
+
: o NN EEEE EEEE
4 step1 [ n B 3
0 | ;
g | NEEN 1
0° 10° 30° e0° 0° 10° 30°e60° 0° 10° 30°e0° ;%‘
 samo EEEE 7.
o Stepl i
5 seos [N HEEN -

0° 10° 30° 60° 0° 10° 30° 60° 0° 10° 30° 60°



Three cooling steps fidelity

¢ Ground-state probability (exp.) ® Mean energy (exp.)

—— Ground-state probability (theory) Mean energy (theory) = Fidelity « New fidelity
1.000F -=---=---cmmmmmmm e
1D B . + * b 10 L ' 1
» ¢ Py
. + 08 = 0.996 . .
. 05 ’ 17° = . | -
% y * . @ Mean energy jaxp.) d DE E _,;" 0992 i . I
S 0.0 . » Curcem oty ) ° S eeal
”é' * . Groundstate pobbilly (heory) | 04 © E 0.988 '
g [ 5 . ‘E?i I t
s -0.5¢ . log E 0.984} ’
| . ., 3 -
A0 ¢ Te 4000 0.980 — L
0.0 0.2 0.4 0.6 0.8 1.0 01234 52 6 7.8 910
2 B
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General basic scaling

Projection Amplitude amplification

Weak measurement | A=?p~1 A—2p—1/2

Phase estimation| A=!p~! A—1p=1/2

Cooling it, like a Demon! ™




Quadratic gap scaling
Optimal refreshing

x 10°
14

—_
no

-
o

Average number of weak measurements
o

‘ Cooling it, like a Demon! ™

0.02 0.018 0.016 0.014 0.012 0.01
Gap

Initial ground state pop.: 0.2.  Final: 0.95
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Protein folding
using adiabatic
computers




Towards lattice folding on a quantum device

Continuum N

protein

1) A. Perdomo, C. Truncik, I. Tubert-Brohman, G. Rose, and A. Aspuru-Guzik.

Phys. Rev. A, 78(1):012320, 2008.
2) A. Perdomo-Ortiz, S. Venegas-Andraca, and A. Aspuru-Guzik. A study of heuristic
guesses for adiabatic quantum computation. Quantum Inf. Process., 10, 33-52 (2011)




Lattice folding into spin—-glass Hamiltonian

a N

N N
— . < .. < <
H, = E hio; + E Jijo; o
{ Jj>1

N /

ol Quantum annealing
ﬁ xZr
5" H(r) = A(7) Z of + B(1)H,
S 6 @
o
L , T = t/trun trun = 148 s

DC)



Quantum annealing
H(t) = A(7) Z o; + B(7)H,

T=1/tryn  trun = 148us

Transverse field ON Transverse field OFF
Longitudinal field OFF Longitudinal field ON



Rules of the game: Hydrophobic-Polar (HP) model

Assumptions:

1) Protein as a chain of beads o
(amino acids) joined by strings
(peptide bonds) - |||||

2) Only two types of amino acids:

Hydrophobic = @ |
Polar = ¢

HH

@@

—Q@—

3) Amino acids allowed to move
in a 2D or 3D square lattice

1

4) Only nearest neighbor °
interactions

Egg=-1, Epp=FEgp=0

?



How to encode the folding pattern?

3 3 4
e o o ° ° ;-g*
11 1H)2 ¢ — 1 2 ® ‘ 1 2 o
1 ° ° ° ° ° ° ° ° °
10< 501 01 0111 011101

01110100 0111010000 011101000010

Number of resources for

qg= 01 qig2 q3q4 - qo(N—2)—192(N—2 A D-dimensional lattice:
QL @122 3394+ v -2) 182N -2)
turnl tyrn2 turn3 turn(N—1) £ = D(N - 2)

Previous mapping (Perdomo et a/. PRA2008): £=D(N —2)log, N



Time-dependent spectrum and energy landscape

RN
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Energy (GHz)
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Embedding of the problem into the quantum device

J>1

N N
Hp — thaf == Z JijUfU;

scale ‘ |
al 1ol ] ]+ 4




Results: Theory vs. Experiment

Results at Temperature = 20mK

1.0
08¢
0.9-
Ground state 0.7
0.8- i |
probability ool |
>0.7- i - Il Experiment
s = 05 Il Simulation
%06— 0
s %04
o 0.5- e
Excited statels |
> probabilities\ 0.2} |
0.1 | ol 7
. , e L |
8.2 0.3 0.4 0.5 0.6 0 1110 1101 1111 1000 1010 1011 (% 1100
T
Experiment: 80.3% As expected, most non-adiabatic
Ground state probability ) _ '40 ‘ dynamics happen around T~ 0.4
Theory: 80.4% (min. gap region)

Bloch-Redfield simulations considering thermal and noise effects, using a
Markovian model. All bath parameters (spectral densities, etc) are extracted from
measurements on the device. No adjustable parameters.




Example with Miyazawa-Jernigan interaction energies

Example: Interaction| AL
®=Pro|ine @=Serine ®=Valine ®”'® -1
1 -
®=Lysine @=Methionine @ =Alanine glllg _;
Six amino-acid problem: (@)—(S)—V—-K—-W—») Q@ | 4

Scheme 1

1 experiment
7 qubits, 7-local

Experiment #1 Experiment #2 Experiment #3

1
|
|
|
|
-
|
|
Scheme 2 I ®—6 , -> OmO
3 experiments : I V)=> ® :
I \ 4 (-::
|
|
+
|
|
|
|
|
|
|
|
|
]

5 qubits, 5-local (each) 1

v
01 01 0q, 9,95 9,95 01 00 0q, 9,95 9,95 01 00 1q, 9,9; 9,95
Scheme 3 Experiment #1 Experiment #2
1 experiment _ (P)—(s)
6 qubits, 6-local > 1
+ I <€--(\)=->
1 experiment v 1
v

5 qubits, 5-local
01 01 0q, 9,93 9,95 01 00 9,9, 939, 9596



Energy landscape for six amino-acid sequence ®-0-©-®-®—-@

A

0101010001
0.36%
0101000000
7.20%
0100001010
0.81%
0100000000
11.41%

-AuE
S

0100100000
0.24%

E—u@—©»
V-®

0100011101
<0.01%

0100000111
3.81%

94.1%

0100001011
36.48%

0101010100
0.54%
0101000001
1.88%
0100010000
0.12%
0100000001
3.49%

®-O
®—W
®—W

0100100010
0.17%

0100011111
0.05%

®
Q,
O,

0100010010
2.52%

S

)

Su@)
&

0101001010
36.88%

0101010101
0.19%
0101000010
3.63%
0100010001
0.12%
0100000010
6.76%

@—®

®

S

0100101000
0.12%

0100101011
0.44%

®O-O-Wu@
0—w

0101000111
0.15%

0101010111
<0.01%
0101000100
2.56%
0100010100
0.13%
0100000100
2.10%

D)
Smd

0100101010
0.90%

@

@)
©®

®

®

0101001000
28.46%

®

®

GuE)
St

0101010010
1.61%

0101011101
0.24%
0101000101
0.86%
0100010101
0.01%
0100000101
7.60%

Q@Qu)
)

@

0101011110
0.93%

0101011111
0.16%
0101010000
1.55% . .
0100010111 24 states in the E=0 manifold
0.08%
0100001000
13.59%

Turn encoding: |, g* P
00 10

Experiment #1

Originally: 5 qubit, 5 local

®O-0-0--> .
v Transformed to: 10 qubit, 2-local
Experiment: 28 qubits
010100, 9,93 9495

Experiment #2

Originally: 5 qubit, 5 local
> Transformed to: 10 qubit, 2-local
v Experiment: 27 qubits
0100 0dq, 9,95 9,95

Experiment #3

Originally: 5 qubit, 5 local
Transformed to: 10 qubit, 2-local
Experiment: 28 qubits

®—EN

1

<
0100 10, 9,95 495

Interaction| AF
®OuE | -1
@@ | -2
OQOu@ | -3
e | 4




Energy landscape for six amino-acid sequence ®—-—0W-®—-®—@

A

0101010001
0.36%

0101000000
7.20%

0100001010
0100000000

0100100000

0100001011
7%

0101010100
0.54%

0101000001
1.88%

0100010000
0100000001

-AuE
O®

0100100010

0100011111

Q,
O,

0100010010

S

)

Su@)
&

0101001010
36.88%

0101010101
0.19%

0101000010
3.63%

0100010001
0100000010

DuE
S

0100101000

DO,

O,
O,

-

0100101011

®O-O-Wu@
0—w

0101000111
0.15%

0101010111
<0.01%
0101000100
2.56%

0100010100
0100000100

&)
3

@uG
RQ—©

0100101010

©
®

@)

®

0101001000
28.46%

®®

GuE)
St

0101010010
1.61%

0101011101
0.24%

0101000101
0.86%

0100010101
0100000101

A )

Q@Qu)

0101011110
0.93%

3

0101011111
0.16%

0101010000
1.55%

0100010111
0100001000

24 states in the E=0 manifold

Turn encoding: |, g}i <«
10

00

Experiment #1
®-O-@>
%
010109, 4,95 4,95

Originally: 5 qubit, 5 local
Transformed to: 10 qubit, 2-local
Experiment: 28 qubits

Experiment #2
®—6))
<-@->
v
0100 9,4, 939, 959

Originally: 6 qubit, 6-local
Transformed to: 19 qubit, 2-local
Experiment: 78 qubits

Interaction| AF

78 qubits experiment in progress!

®Ou® | -1
@@ | -2
Q@ | -3
e | 4







| | ,
Single-Photon Quantum optics
experiment:
Physical Review Letters 104, 153602
(2010)

Collaboration with Andrew White
(Queensland)



Environment-Assisted Quantum
Transport

10 Localization ENAQT Zeno
T 0
=
0.8 g >
a (@F
E p—
> g =
2 0.6F - E
ol ) -
Q ° 5
da = =
(| ©
£ 04 g z
< e
3 =
Haken-Strobl model 02 8
(@)
- Gaussian fluctuations i
- Classical noise OO

1074 0.01 | 100
Dephasing rate (cm™)

- Pure dephasing
- Arbitrary coupling
strength

Rebentrost et. al, New J. Phys.11 003303 2009 Environment-assisted quantum transport

Selected by Journal as Best of 2009



Visualizing ENAQT in
single quantum trajectories

Simulation of Haken-Strobl IR
Equaiton using Stochastic S
Schrodinger Equation (SSE) met s e videomachcom

Stochastic Schrodinger Equation (SSE) simulation of FMO and PSI (higher plants)
Rupak Chakraborty , Patrick Rebentrost, Aspuru-Guzik, /n Preparation 2010



Classical Random Walk vs. Quantum Walk

Walk Classical Quantum
random walk walk
ol 10l &
. » "**-k“xm“'
State function Q@zﬂ@p o5 To)
Equation of < e
quation o d ﬁs‘?“__e 1 Oy ™ H
Motion W«; baPa 5t @3@@ b,a¥a
Graph ﬁifff’ y ot
Correspondence gt ST
Vv Ol

J. D. Whitfield, C. A. Rodriguez-Rosario, A. Aspuru-Guzik

Phys. Rev. A 81, 022323 (2010)



Classical

random walk

For example: Work of Viv Kendon and co-work:



Non-unitary effects are key

Classical

random wal




Quantum stochastic
walk

Classical
random walk



Equation of Graph

Walk State function Motion Correspondence
Classical p Lb=p L=M
Quantum ) Hvy) = —idt|v)) H=M
Q Stochastic p Lp=p 297

J. D. Whitfield, C. A. Rodriguez-Rosario, A. A.-G. Phys. Rev. A 81,



Equation of Graph

Walk State function .
Motion Correspondence
Classical p Lb=p L=M
Quantum |7)) H|y) = —idt|y)) H=M
Q Stochastic p Lp=p 7?7
Density IViatrix Elements Iransition Operators Characteristics M

3 N -
LS s , - Classical
QD S & @—' & ‘—@ {Lk} Random Walk

& e Quantum
H ’ {Lk} Walk + MORE

/ < Quantum
hid /‘\ H, {Lk} Walk + MORE

Quantum stochastic
walk

m

o (A {Lk} MORE!!!




Population

Position

Single parameter interpolation

@ Quantum walk: use von Neumann equation
@ Classical random walk: use L k) = My x|k) (k']

Lolp = =(1 = w)i [H, o] +w X (L Lkp — FoLLi+ LipL)



Discrete-time quantum walk:
Optical setup

a) _9_, S, C, S,... Cs Ss
=—FHE ST | 2
1. T
I |
j-, -- PPKTTD) 0 —1 2 2) é“t
T TIEHEL: TIIEL.
+2

N PBS Half-wave plate

B | ong-pass filter  Quarter-wave plate ngle-photon detector

Turn to induce decoherenc _ _
W = SC (shift + coin)



c)

-
.

quartum

classical
A

g
*
.

&

A

1fo———B - - - b -

w T Ly o -

.mz__,.._q: mo_ﬁ_}u.r _u.__mn.._..ﬂm _uuu._._n_t_oz

.I
wit |z E
-
1.._P.-..|_...q c
P a3
— ——— e 5
llil‘. 2

T

e W
&

Step

t

Standard
deviation

e
. PoEy ) A

al
i)

Position

discrete-time

Experimental results

i i i
— = Ll = Lz ™ ] =
b =1 =} =] = = =
Aupgeqoig
4
e . Sl —
ke E
wa-d £
,nuu%mm
ff..-...-........._ g &
L&
=
£
§ 8 5
[~ 9

quantum

walk

Fi v
=T a2
o o

Ajigegoid

02k,
0
Q

r
W
=}

05 .,

a)

classical walk



Quantum to classical
transition
(dephasing-induced)

classical

Pasition

guantum



ENAQT in Photosynthesis using
wave guides (In progress)
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AUTOMATIC FUNDAMENTAL CALCULATIONS OF
MOLECULAR STRUCTURE

By Dr. S. F. BOYS, Dr. G. B. COOK, C. M. REEVES and |. SHAVITT
Theoretical Chemistry Department, University of Cambridge

S. F. Boys, et. al, NMature (1956)



James Whitfield, lvan Kassal, Alejandro Perdomo,
Man-Hong Yung, Sarah Mostame, Sergio Boixo,
Patrick Rebentrost, Masoud Mohseni

Thank you!

Patrick Rebentrost, Leslie Vogt,
Joel Yuen-Zhou, Sangwoo Shim
Cesar Rodriguez-Rosario,, Lauren Kaye,
Sule Atahan, Johannes Hachmann, Jacob Krich,
Roberto Olivares, Dmtrij Rappoport, Semion Saikin,
David Tempel, Mark Watson

Quantum simulation for chemistry
Is a promising direction:

- Electronic Structure

- Chemical Dynamics

- Statistitical models (proteins)

Peter Love, Ben Lanyon, Andrew White

http://aspuru.chem.harvard.edu
aspuru@chemistry.harvard.edu



http://aspuru.chem.harvard.edu/

In the bottom of the ocean,

At a depth very far below...



Chemical dynamics

Spatial grid scaling

Kassal, ..., Aspuru-Guzik Proc. Nat. Acad. Sci. (2008)



Number of Atoms

10000

1000

100

=
o
T

Optimistic prospects?
A quantum “Moore’s law?”

CCSD(T)

2010 2015 2020 2025
Year

Whitfield, Kassal and Aspuru-Guzik, /n Preparation



Quantum Simulation for Quantum
Chemistry
Quantum Stochastic Walks

Beyond classical and quantum walks

Alan Aspuru-Guzik
Department of Chemistry and Chemical Biology
Harvard University

Quantum Computing Program Review

Cincinatti, OH, 2010




Objectives

« Fully characterize the efficiency of
phase estimation algorithm for
chemical problems (20-200
quantum bits)

« Develop methods for initial state
preparation

Develop embedding techniques

Quantum Computation for Quantum Chemistry
Alan Aspuru-Guzik, Harvard University

, http://aspuru.chem.harvard.edu

In 2010, we focused on the study of quantum walks as
Possible simulators of tight-binding models such as
Photosynthetic compleces.

Objective Approach

Combine the theoretical
approaches of the quantum
information community with those
of the quantum chemistry
community

«Develop novel algorithms with
specific gate sequences, resource
and complexity estimation.

Status
* Developed the concept of quantum
stochastic walks
 Collaborated on their implementation
with Andrew White
*Developed an adiabatic quantum
simulator approach.
«Developed a method for the
preparation of thermal states on a
guantum computer.



mailto:aspuru@chemistry.harvard.edu

Quantum Computation for Quantum Chemistry
Alan Aspuru-Guzik, Harvard University

« Progress on last year’s objectives

Seek first 2+ qubit experiments on quantum chemisty on quantum
computer - Carried out quantum walk experiment

Algorithm for non-differential properties - Did not work on it

Explore the scaling limits of quantum simulation - Wrote a review paper
on the work on quantum simulation to date.

« Research plan for the next 12 months

- Collaborate with experimental groups for the simulation of thermal
states and matrix product states on gate-model quantum computers
-— Develop a fermionic adiabatic quantum simulation scheme.

e Long term objectives (demonstrations)

- Develop a comprehensive picture of quantum simulation of chemical
electronic structure problems using gate-model quantum computers
-Develop schemes for practical qguantum simulation using different
models (e.g. adiabatic model) and help with experimental realization.




What | am not talking about today

Adiabatic quantum simulators

- Adiabatic system + gate-model qubit probe as a quantum
simulator of many-body-systems. arxiv:1002.0368

Simulation of classical thermal sates on a QC

- Developed a method for preparing coherently-encoded
thermal states (CETS) directly on a QC for many graphs
(e.g. spin-ice) arxiv:1005.0020

Quantum simulation for chemistry

- Reported last year, but first experiment appeared this year
in Nature Chemistry 2 106 (2010)




Photosynthesis 101
6CO, + 6H,O — CcH1pOg + 60,

- >90% of energy absorbed
initiates photosynthesis

L

ANTENNA PIGMENTS

(Chlorophyll molecules

Fast and other pigments)
- 300 turnover events / sec

Regulated

1)
=]
®
Q
<
=
o
S
28
)
b 1

- ~75% energy dissipated
within 1 sec

REACTION CENTER



Continuous Time Quantum Walks in Graphs

(—y a#b, a and b connected by edge

M,=< 0 a#b,a and b not connected

ky a=b, k is the valence of vertex a

Lol % Mo, 0
el () = X {al]b) el (1)

E. Farhi, S. Gutmann PRA 58, 915 (1998)
Introduced to Energy transfer by O. Muelken, Blumer



Environment-Assisted Quantum
Transport

10 Localization ENAQT Zeno
| | / £ 500
it . 200 &
e )
2 0.6 £ 100 £
5 2 50 5
= = =
o 0.4 & z
S -
02 "
@)
- Gaussian fluctuations i
- Classical noise O O 5

1074 0.01 1 100 10* 10°
Dephasing rate (cm™)

- Pure dephasing
- Arbitrary coupling
strength

Rebentrost et. al, New J. Phys.11 003303 2009

Selected by Journal as Best of 2009



Visualizing ENAQT in
single quantum trajectories

Simulation of Haken-Strobl
model using Stochastic
Schrodinger Equation (SSE) method - o hll o

Produced with VideoMach
www.videomach.com

Stochastic Schrodinger Equation (SSE) simulation of FMO and PSI (higher plants)
Rupak Chakraborty , Patrick Rebentrost, Aspuru-Guzik, /n Preparation 2010



What is a Walk?
 Waks | SpacefTime Corespondence

State function Where is our walker?

Equation of motion How does the walker move?

Graph Correspondence | How is space connected?




sraph terminology

A graph G with vertex set V with || vertices and edge set £ has
@ Adjacency matrix
S A { 1 if vertex i is connected to |
’ 0 if not connected
@ Degree matrix

> Dj = d;deg())
» The degree of vertex i/, deg(/), is the number of vertices connected
to it
@ Laplacian Matrix
» M=D-A



Example of a Graph

s1
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s3
s4
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o O o=
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Classical Random Walk vs. Quantum Walk

Walk Classical Quantum
random walk walk
o 1ol™ o
. > N
State function @Qf SP 5Ty)
Equation of 7 e
Motion Fom L loaba T 4 2. Hp.a¥a
Graph «ﬁ’%ﬁ; y s
Correspondence 5y 3¢ 5T
W S

J. D. Whitfield, C. A. Rodriguez-Rosario, A. A.-G. Phys. Rev. A 81,



Walk on a Line
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Quantum Walks and Speedups

1 Exit

C_ﬁ._ﬁt_ﬁ._ﬂ._ﬁ._ﬁ.

2 3 3 2 3 3 2

A. M. Childs, R. Cleve, E. Deotto, E. Farhi, S. Gutmann, and D.A. Spielman,
Exponential Algorithmic Speedup by a Quantum walk quant-ph/0209131



Classical

random walk

For example: Work of Viv Kendon and co-work:



Non-unitary effects are key

Classical

random wal




Quantum stochastic
walk

Classical
random walk



Density Matrices

» Quantum Generalization of Probability
Distributions

Probability distributions of wave functions

Possible states: {1}
Prob of state ¥x: pk

Density operator

p=_ Prltr) (¥l
k




Open Quantum Systems

The system interacts with the
outside environment:

Environment

¢ Stochastic Processes give
Thermodynamics System

¢ Quantum Stochastic Processes
give Quantum Thermodynamics

. . 1
p=Lp=—IH.pl+3 ZZLka}Q — LjLkp — pLiLy
k

Coherent dynamics  Stochastic evolution



Equation of Graph

Walk State function Motion Correspondence
Classical p Lb=p L=M
Quantum ) Hvy) = —idt|v)) H=M
Q Stochastic p Lp=p 297

J. D. Whitfield, C. A. Rodriguez-Rosario, A. A.-G. Phys. Rev. A 81,



Equation of Graph

Walk State function .
Motion Correspondence
Classical p Lb=p L=M
Quantum |7)) H|y) = —idt|y)) H=M
Q Stochastic p Lp=p 7?7
Density IViatrix Elements Iransition Operators Characteristics M
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& e Quantum
H ’ {Lk} Walk + MORE

/ < Quantum
hid /‘\ H, {Lk} Walk + MORE

Quantum stochastic
walk
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o (A {Lk} MORE!!!




Quantum Stochastic Walk: Rules




Population

Position

Single parameter interpolation

@ Quantum walk: use von Neumann equation
@ Classical random walk: use L k) = My x|k) (k']

Lolp = =(1 = w)i [H, o] +w X (L Lkp — FoLLi+ LipL)



It never becomes a classical walk!

=
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&

Distance
o
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AN

Euclidean distance metric between QSW and CRW
as interpolation between the two using
a pure-dephasing environment
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Ongoing Work

» Explorations of the QSW: Dephasing in
Momentum space

» Connection between discrete (coined) walks
and non-Markovian master equations

» More Graphs: beyond the line
» Classical to Quantum Transition of Algorithms
» Complexity Classes of QSW



Glued Trees: No smooth
interpolation

Gl START EXIT
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G2 START EXIT %)

[am]

W

®

G3 START EXIT FIG. 5. (Color online) Plot of the time-averaged population for

transport through the G; tree at three fixed tmes, r = {5, 10, 25},
as a function of the decoherence strength @ € [0, 1] (atomic units).
When @ = 1, the classical walk is obtained, and when w = (), the
unitary walk is recovered. Notice that the probability is ot a strictly

decreasing function of the decoherence.
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Single_—Photon Quantum optics Collaboration with Andrew Whi
experiment: (Queensland)
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Discrete-time quantum walk:
Optical setup

a) C: Sl Cz Sz Cﬁ Ss
-+—5-- - = = — — - D2
B T e e S
Y by T =1
1 L i
PPKTP
b) °) X

== | 3 O) =y | —2 !
=1=Ax
+2

N PBS Half-wave plate

B | ong-pass filter  Quarter-wave plate ngle-photon detector

Jiggle to induce decoheren _ _
W = SC (shift + coin)
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Quantum to classical
transition
(dephasing-induced)

classical

Pasition

guantum



Outlook

Interpret ultra—fast
experiments using
gquantum stochastic walks

Create a phase
boundary in the

DTQW experiment

to seek for soliton states
(topological insulators)

Seek quantum speedups
for quantum stochastic walks

Mohseni et al., J. Chem. Phys. 129 174106 (2008) Environment-assisted quantum walks
Rebentrost et. al, New . Phys. 11 003303 2009 Environment-assisted quantum
transport

Whitfield, et. al, Phys. Rev A 81 022323 (2010) Quantum stochastic walks

Broome, et. al, Phys Rev. Lett. 104 153602 (20170) Discrete single-photon quantum walks




Thank youl!

alan@aspuru.com

lvan Kassal
Cesar Rodriguez
James D Whitfield
Man-Hong Yung

Army Research Office
DARPA Young Faculty Award


http://aspuru.chem.harvard.edu/
http://aspuru.chem.harvard.edu/
http://aspuru.chem.harvard.edu/
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