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Outline

@ What is quantum computation? Classical vs quantum computing.
@ Quantum algorithms for finding protein low energy conformations
@ Quantum algorithm for molecular energies
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Quantum Simulation vs. Quantum Emulation

quantum simulation quantum emulation

(HF, DFT, QMC, CC, FCI,...)
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Quantum Simulation vs. Quantum Emulation
Why use quantum computers?

Quantum Simulation

@ Represent the system
using a classical
computer

@ Exact algorithm (FCI)
scales exponentially with
the basis set size

@ Approximate algorithms
(HF, DFT, QMC, ClI, CC)
scale polynomially
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Quantum Simulation vs. Quantum Emulation

Why use quantum computers?

i
Quantum Simulation Quantum Emulation

@ Represent the system Map th ¢ , d
using a classical @ viap .t © wave unction an
Hamiltonian onto another

computer quantum system (quantum
@ Exact algorithm (FCI) computer)

scales exponentially with
P Y @ Exploit the quantum nature

the basis set size )
Ay ———— - of the emulator to achieve
polynomial-scaling exact
(HF, DFT, QMQ, Cl, CC) algorithms
scale polynomially
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Stages of quantum computation
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classical bit quantum bit (qubit)
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e o>
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Classical bits

@ Always has a
value of 0 or 1

@ A bit can be
copied

@ Doesn’t change if
read

@ Reading a bit
doesn’t affect
other unread bits.

Alan Aspuru-Guzik (Harvard University) Q. Computation for Chemistry 7-25-07 7/85



classical bit quantum bit (qubit)
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Classical bits Quantum bits (qubits)

© Always has a o All items on the left can fail.
valge of Oort @ Superposition states
@ A bit can be (]0) + aj|1))
copied ) 2 _
r ) ol —
@ Doesn'’t change if FIOTE g6
read N-qubit state
@ Reading a bit
doesn't affect a1[0...01)  +  &0...10)
other unread bits. af0...11) +...4+ ap[1...11)
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Measuring qubits

Bloch sphere representation

@ Project system onto |0) or |1):
Pr(0) = |ao|?, Pr(1) = |a|?

@ Probabilistic result: may
require multiple

e a0+ = cos2lo s ) measurements. |
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Classical gates

Example circuit: adder

aandb Ci ™~ T

a—Do— not a Co
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Quantum gates

CNOT
1Y

Pan

U
-1 Z

1 0 0 0
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Quantum circuits

Example circuit: quantum Fourier transform
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Quantum Emulation

Feynman’s Proposal

‘wmo/> _ N;QC>
gmol(t) = g—iA™t  _, U9C(t) = o~ 1HCt

Jordan-Wigner Transformation

Mapping of fermionic systems to spin systems and vice versa
R. Somma et al, Phys. Rev. A 65 042323 (2002)
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Quantum Emulation Il

Jordan-Wigner transformations
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Multi-zone lon Traps

——

e Linear 4-rod

trap
DC RF
* Segmented 4 —_—
electrode trap == -
RF DC
M. D. Barrett, et al, Nature 429, 737 (2004) K
o " RF electrode
* Planar 3
electrode trap . . .
J. Chiaverini, et al,, Quant, Inf. Comp. 5, 419 (2005) .
S. Seidelin, et al,, Phys. Rev. Lett, 96, 253003 (2006) Slide courtesy of i
K. Brown, et al., Phys. Rev. A 75, 015401 (2007) Ken Brown, Georgia Tech
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Josephson-Junction superconducting qubits

Quantronics group, Saclay France

Quantronics - CEA
\ <
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D-Wave Systems’s device
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Oxidized Silicon wafer using a Niobium trilayer process
The Economist, February 15th, 2007 (Others: Nature, Wired, etc.)
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D-Wave Qubit Coupler

a) Device Schematic
fa

11/ 1 7",9

fﬂ%ﬁéﬁ@

b) Photograph

250 1 se—

) Encrgy Level Schematic

H = Z eqa(q)+AqU Q))+J(fb) (a) (C
g=a,c

arXiv:cond-mat/0608253
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The physics

The Hamiltonian

Two-dimensional Ising model in a magnetic field (2DIMM):

i<j

N N N
E(o1,...,0n) = Zhjojz—i-ZJ,jUIZGJZ—FZ&jOJX
J=1 J=1

where o, = +1, —1
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The physics

The Hamiltonian

Two-dimensional Ising model in a magnetic field (2DIMM):

N N N
E(o1,...,0n) = Zhjojz—i-ZJ,jUIZGJZ—FZ&jOJX
J=1 J=1

i<j

where o, = +1, —1

v

Procedure

@ Initialize in a highly quantum state (a; large)
@ Turn on couplings

@ As you turn off a; slowly
@ Read-out the answer

\
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Adiabatic quantum computing

Adiabatic evolution
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Adiabatic quantum computing

Adiabatic evolution
d
Ialw(t» = H(t)|w(1))

t

H(t) = (1 = 2)H(0) + +Hprabiom

Hilbert space

|21) @ [22) ® - -- @ [2n)

The ground state of a given spin for the field in x is:

7|01+|1>)

N

:
W(0)) = 575121222824) >
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Adiabatic evolution pictorially

Transverse field on Transverse field off
Z-field off Z-field on
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What can it do?

Maximum independent set
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Maximum Independent Set
What is it?
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wikipedia.org/Independent_set
wikipedia.org/Independent_set

Maximum Independent Set
What is it?

MIS of a graph

A MIS is the largest subset of
vertices of a graph for which
there is no edge connecting
the two.
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Maximum Independent Set
What is it?

MIS of a graph

A MIS is the largest subset of
vertices of a graph for which
there is no edge connecting
the two.

Computational complexity

class

This problem is NP-Hard
(Nondeterministic
Polynomial-time hard)

wikipedia.org/
Independent_set
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Exact Cover

@ The problem Hamiltonian H, is a the sum of a series of

constraints, Hp = >_; he.

15 — New Quadratic Fit
-~ Old Quadratic Fit

Median Time to Get Probability 1/8
8
T

Number of Bits

Alan Aspuru-Guzik (Harvard University)
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arxiv.org/000770

Exact Cover

@ The problem Hamiltonian H, is a the sum of a series of
constraints, Hp = >_; he.

@ Each constraint involves three bits: One must have the value 1,
and the other two must have 0 value.

Iy
=

s
5 & 8 %
T T T 1

w
b
T

~
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T

8
T

— New Quadratic Fit
-~ Old Quadratic Fit
10 —

15;1/7/{

Median Time to Get Probability 1/8
8
T

c

Number of Bits

Farhi et al. Science 292 (2001) 472 and arxiv.org/000770
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Is there an advantage?

What could a device like this really do?

@ A quantum device like this one might do better than a classical
one in certain random instances of the problem. It might not
necessarily do better in other instances.

@ Farhi has evidence of quadratic scaling up to 20 qubits for the SAT
problem.

@ We need to gather evidence for larger systems!
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Simulation of classical systems

Somma et al. arxiv:quant-ph/0609216

@ Adiabatic QC is very similar
to Quantum Annealing
(QA) (T=0). Introduce an
external transverse
magnetic field (e.g. in x)

Quantum that is lowered with

= Tunneling

Thermal Jump

Cost

simulation time.

Simulated Annealing (SA).
Introduce a simulation
temperature T that is
Configuration |OW6red Wlth SImUlatlon

time
Kirkpatrick et al. Science 22 (1983) 671,

wikipedia.org/Quantum_annealing
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Lattice Protein Models
Mapping to 2D Ising Model in a Magnetic Field

Protein Lattice Model Classical Ising Model
Image: Prof. Backofen, Uni. Freiburg
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The hydrophobic-polar (HP) model

Mapping to 2D Ising Model in a Magnetic Field

HP is Simplest Folding Code

h = #HH contacts

Lau & Dill Macromol 22 3986 (1989)
Slide Credit: Ken Dill
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HP model Hamiltonian (structural constraints)

Primary structure Onsite repulsion

@6 | 66—6

Energy =0 Energy = 100 Energy =0 Energy = 100

Hydrophobic interaction ® 2(N—-2)log, N

N-local variables are
needed!

@ But our Ising model is
2-local:

@ We need to convert N-local
Energy = 0 hamiltonian to 2-local

v
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2-local hamiltonian scaling

Hamiltonian reduction recipe
Replace terms of the form 040203 with new ancilla variables 7;, o;:

010203 — T103

Additional complexity
This procedure adds extra terms to the Hamiltonian, such as:

0’10‘2—(01 +02)T1 —20(1(01 + 02 — T4 +1)+0‘1 + 02 — T4

Scaling: 2(N — 2)log, N — 2(N — 2)(N? — log, N — 1)
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2-local Hamiltonian scaling plot

55000
50000
45000
40000
35000
30000
25000

varianies

20000
15000 |-
10000

5000

About 50,000 “cheap” qubits would be needed to do what a classical
computer can do right now.
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Carrying out the experiment!

The simplest HP-model case system

Mapping the
HP loop
@ 2-local
network
obtained.

@ We need a
52-bit
device: 8
core bits
and 46
ancilla bits.
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Partitioning the problem

The simplest HP-model case system

Divide and “conquer”

Partitioning schemes (local
search) do not guarantee
finding the global minimum but
have been used with success in
numerical (Qquantum annealing)
protocols.

Spin coupling network
Locally-optimized domains
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Low energy conformations on a quantum computer

Present and future

Currently R

@ Numerical simulation of .RpHg‘.‘_ S,
8192 8-qubit experiments ce oA oo
was carried out. S I

@ Colin Truncik at D-Wave is
carrying out the
experiments on their
quantum device.

@ Extend to continuum force
J fields on a lattice.

@ Carry out Experiment for
H.O
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Part II: Quantum Chemistry by Quantum Computation

A. Aspuru-Guzik, A. D. Dutoi, P. J. Love, M. Head-Gordon,
Science 309 (2005) 3741
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The quantum chemistry problem

Molecular Hamiltonian

H™ = To + Tz + ‘A/ZZ(LPCI) + ‘A/ee(r//) + ‘A/eZ(RP")
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Full Configuration Interaction (FCI)

Wavefunction representation

Expand wavefunction in all HF determinants:

) = o)+ allvh) + > alludd) + ...

Hamiltonian: Cl Matrix

Hamiltonian is given by all matrix elements between determinants
Solving the matrix eigenvalue problem for this (37) x (&) matrix gives
exact results within the given basis.

v
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Basis Functions

Options
@ Hydrogenic or Atomic (Slater Type Orbitals)
@ Plane waves
@ Wavelets
@ Localized basis (e.g. Gaussians)
° ...
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Basis Functions

@ Hydrogenic or Atomic (Slater Type Orbitals)
@ Plane waves

@ Wavelets

@ Localized basis (e.g. Gaussians)

° ...

V.

Gaussian Basis Sets

@ Give compact wavefunction representations

@ The exact solution within a good basis set is usually chemically
accurate.

\
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Gaussian Basis Sets

Basis: STO-3G

3 T T T T
1s

$(r) 2p

2 F 0 3p ]

3 r(R)

/' - /«)'(basisfunclions)
S 2
6‘\\5’{’3

,
e

w

\N\\
)
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Basis: cc-pV3Z

3 T
2F {is o 3p §
o0 2 E
0
aF s E
2F E
3 et
0 1 2 3 r(R)
S et i)
/—' B / <r> (basis functions)
S 2
&
&
& )

& 1 e
2
3
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FCI by Phase Estimation

Overview
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FCI by Phase Estimation

Overview

@ Mapping between |wm0/)
and |WwAC)
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FCI by Phase Estimation

Overview

@ Mapping between |wm0/)
and |WwAC)
@ Preparation of [w3°)

86
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FCI by Phase Estimation

Overview

@ Mapping between |wm0/)
and |WwAC)

@ Preparation of [w3°)

@ Construct UC(t)
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FCI by Phase Estimation

Overview

@ Mapping between |0/
and |WwAC)

Q@ Preparation of [W§°)

@ Construct J¢(t)

© Energy Readout
(recursive phase
estimation algorithm)
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The Phase Estimation Algorithm

R. Cleve et al, Proc. R. Soc. Lond. A 454 313 (1998)
D. Abrams and S. Lloyd Phys. Rev. Lett. 83 5162 (1999)

Assume an unitary operator U, with eigenvector |W) such that

Oyw) = e270)w),

estimate 0 < ¢ < 1.
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The Phase Estimation Algorithm

R. Cleve et al, Proc. R. Soc. Lond. A 454 313 (1998)
D. Abrams and S. Lloyd Phys. Rev. Lett. 83 5162 (1999)

Assume an unitary operator U, with eigenvector |W) such that
Op) = 27 |w),

estimate 0 < ¢ < 1.

@ Must be able to prepare a state with large overlap with the
eigenstate

@ Must be able to gate sequence U

N
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Phase Estimation: The Fourier State
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Phase Estimation: The Fourier State

Choose t; Et = —2m¢

Oy = e Pt|w) = e E|v)
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Phase Estimation: The Inverse Fourier Transform

0){Hd] e
o) HdH—y 1=
oHa———" e (1]
0{Hd] ? e

The Quantum Fourier Transform

If = m/2b

\/_ Z e/(27r¢)n|n @ i(27rm/2b)n|n>
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Phase Estimation: The Inverse Fourier Transform

0){Hd] HR)
o) {HdH—e HRI

0 Hd OFT =11
) N

0000 — 1111

The Quantum Fourier Transform
If = m/2b

\/_ Z el(27r¢)n|n \/ﬁ i(27rm/2b)n|n> _ QFT]m)
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Compact Map

-
S -
D -
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ju)

g)

Wavefunction Mapping, H>

111)
110)
101)

Direct Map

DR
PR
SR

P

a9
—4——+——Q——+—

A

S ——
u) 18)

Q. Computation for Chemistry

0111)
0110) <=
0101) <=
0100)

0011) <=
0010)

0001)

0000)
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The Non-eigenvector Case

Algorithm Success Probability

@ We must prepare the quantum computer in the analog of the
molecular ground state.

@ We may not be able to construct the ground state exactly.

@ Given the trial function |W 1), the algorithm succeeds with
probability |(Wo|Wr)?.
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The Non-eigenvector Case

Algorithm Success Probability

@ We must prepare the quantum computer in the analog of the
molecular ground state.

@ We may not be able to construct the ground state exactly.

@ Given the trial function |W 1), the algorithm succeeds with
probability |(Wo|Wr)?.

@ Use the Hartree-Fock state (for some cases, |(Wo|W{)[? ~ 0.9)

@ Adiabatic state preparation
@ Other chemically motivated Ansatzes

N
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Adiabatic State Preparation

If HF is a bad guess, construct the FCI solution adiabatically.

wr) = g0 E E E i)

1:1<3) Ifl<4> Fret
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A Short Digression: The Adiabatic Theorem
M. Born et al, Zeit. f. Phys. 51 65 (1928)

E. Farhi et al, quant-ph/0001106

W. van Dam et al, Proc. 42™ IEEE Symp. (2002)

For
H(t) = HHF 4 % (,:,FC/ _ ,:,HF)
if
H(0)[w(0)) = E§Fw(0))
and
[(Wx()FFC! — HHF wo(1))
T >> max; B
(Ex(t) — Eo(1))
then

A(Tw(T)) = E{w(T))
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Adiabatic State Preparation for Molecules?

@ Molecules are insulators

@ For a given system, we know a lot of properties of the eigenvalue
spectrum from approximate classical methods.

@ The gap is larger than the correlation energy
@ At each stage in the Cl adiabatic state preparation the gap is large

@ We conjecture that levels do not cross in between turning on
n-tuple excitations and n + 1 tuple excitations
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State Preparation Results
Hs, STO-3G singlet manifold

|’,\,’|_ﬁ —
09~ A
o —r=10A )
& 081 r=1.4A s
< —r=20A >
; 07E r=3.0A| | g
N —r=6.0A 5
0.6 A
0.5 Il 1 Il 1 0 Il 1 1 1
~o0 20 40 60 80 100 0 20 40 60 80 100
Time (a.u.) Time (a.u.)
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Time Evolution

Molecular Hamiltonian

n A 1 N At At a A
A= hx=>(pIT+ Unla)ahaqg — 5 D (pl(qlVelr)ls)ahabaras
X p,q p,q,r,s
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Time Evolution

Molecular Hamiltonian

N 2 A 1 ~ At At A A
A= 2 hx = (pIT + Wnla)ahag — 5 3 (pl(alVelr)s)ahabaras
pP,q p,q,r,s

Trotter Expansion and Jordan-Wigner Transformation

q—1
—/Ht —ihxt/M Al 2 Yo Yq ~i | PP DI
[He X/] ahag — XPXa | I &%| P§A;

i=p+1

@ Number of terms in H grows as the fourth power of the basis size

@ Each term involves a controlled action on at most four qubits at a
time

@ Absolute bound of less than 400 gates required per term
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Precision Considerations

Qubit Requirements
Need at least b bits in readout register for b bits of precision

Chemical Accuracy Requirements

For 6 decimal digits of precision at least 20 logical control qubits are
needed.
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Precision Considerations

Qubit Requirements
Need at least b bits in readout register for b bits of precision

Chemical Accuracy Requirements

For 6 decimal digits of precision at least 20 logical control qubits are
needed.

Improvement: Recursive Implementation

@ Allows readout register size to be independent of precision
@ Fewer consecutive coherent gates

\
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Phase Estimation: A Recursive Algorithm

Get a lower bound and measure the difference .. .repeatedly ...as much as you want.

0

1¢k
g

=)

>.

) ¥

>-Hd ¢ QFT [ 0.0000—0.1111
>Hd T- B J

W)-AV VAV l

‘70 U T Vk = [exp(_i2n¢k—l)‘7k—1]2

-

0

9 PRI
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Qubit Requirements

3000
= =compact, 6-31G* (approximate)
2700 = = =compact, cc-pVTZ (approximate)
2400 direct e
<& compact, 6-31G* (examples) P &
2100
O compact, cc-pVTZ (examples) - =
1800 7~
2 S
S 1500 7
o 7~
1200 -~ 5 2
P L O
200 ol P
e e ®
600 b -~ e
7~ F kg
300{ a _~Z _— b
- -03
0 £

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

e s

»< o<

c cholesterol
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Qubit Requirements

Water molecule

water ®¢ Basis set (number of functions)
Mapping STO-3G (7) |6-31G* (19) [cc-pVTZ (58)
compact (singlets) 8 25 42
compact 10 29 47
direct 14 38 116
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Qubit Requirements

Water molecule

water ®¢ Basis set (number of functions)
Mapping STO-3G (7) |6-31G* (19) [cc-pVTZ (58)
compact (singlets) 8 25 42
compact 10 29 47
direct 14 38 116

One of the best classical results:
Exact solution of the electronic Schrédinger equation for water, within a

double-polarization (TZ) basis set
G. Chan et al, J. Chem. Phys. 118 8551 (2003)
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Recursive Algorithm Results
H>O, 196 determinants / LiH, ~ 1200 determinants

""' Electronic Energy

] Mk S

- L ) ) 4 |- 4

" -IIS() -1i)o -5|0 0 -100 -50 H>0O, STO-3G
T3] T -84.293663 vs.
”’5-_| I | 1 b J_ ‘ g -84.293665
oo -80 9 85 80 5

"):"_| T 7 T '51__ __ T T T T T ‘6|_‘

0.0 N I | ] L L1 l‘ L 1] L|H, 6'31G

88 86 -84 82 80 8 85 84 83 82

T = et -9.1228936 vs.
. 1t ) -9.1228934
v ;s ‘-SL.S ;4 I s,‘z.sl ;z -8-/‘3.8‘ I -sLAI I s!4l I Islzs

Energy (a. u.)
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Can we do an experiment?
Proposed experimental H, emulation

Circuit for an actual calculation (1929 vintage)
Iro) = [0) {z6a)} X > . . Zan

Irs) = [0) {7010} X {2G/2)Hu} A

Ir2) = [0) {220} {2/ Hz@/2)Hn} -

Ir) = 10) {H{Z(@)} {28 Hz@mHza2 HaH A=
s0)

2(6/2) |4 2(3) {225 o4 {21B) - v (=)

The gate sequence for simulation of the H, molecule in a minimal
basis requires 5 quantum bits and under 40 elementary gates.
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Can we do an experiment?

Proposed experimental H, emulation

Circuit for an actual calculation (1929 vintage)

0) {H}- 2(30) {n} A
0) —{ H [+ Z(4a) Z(x/2) HH ,
1£Ua)p 12=/2)]
0) 2(20)} {2, IVHA: 2)Hx} =
=[0)—{H Z(a) Z(=[8) 1 Z(x/4) H Z(x/2) HHHF
J 1
s0)

2(6/2)}4-{2(3) - 228) | +4{2(-1p) |4

Iro
Ira)
Ir2)
Irs)

The gate sequence for simulation of the H, molecule in a minimal
basis requires 5 quantum bits and under 40 elementary gates.
Within reach of NMR quantum computers!
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Thank you!

Sule Atahan

Ivan Tubert-Brohman
Ali Najmaie

Masoud Mohseni

Ivan Kassal
Alejandro Perdomo
Leslie Vogt Collaborators
James Whitfield Colin Truncik (D-Wave)
Anthony Dutoi (Northwestern)
Carlos Amador-Bedolla Martin Head-Gordon (Berkeley)
Laura Dominguez Peter Love (Haveford)
Sabre Kais (Purdue)
Michael Wan | Hefeng Wang (Purdue)

4
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The Basics

Electronic Structure Problem
Neglect Tz, treat V77 classically

N N
I’;Ielec:_lz§2_2é+ l
241 L

i=1 i,L >
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The Basics

Electronic Structure Problem

Neglect Tz, treat V77 classically

I’;Ielec sz Zi + 7
if

i,L i>f

Find the energy as a function of the Nuclear Coordinates
Solve:

E|\U> _ I:Ie’e"\\li>

Ab Initio: only inputs are {Z;}, N
Output is E
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The Basics

So what?

Nuclei move on the
electronic potential energy
surfaces surface (PES)
Knowledge of PES enables:

CcO

o

To.co (A)

@ Minima (equilibrum
structures)

@ Saddle points (Transition
states)
. @ Reaction rates and

7 8
Treo (A)

5 6
O : Equilibrium position meChanlsmS

:f= Transition state
@ PES characterize most
of physical chemistry
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Traditional Mexican ceramics
The tree of life
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The tree of life

Methods for the solution of Schrédinger’s equation

EQMC

piaMc\ GFQMC  FNaMC

Figure by Jim Anderson
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The tree of life

EQMC

pigMc\ GFQMC  FNaMC

Quantum
Emulation
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Basis Set Methods

il ——
Xt ——
Xo® ——

XHB S

X2 —— Xo? ——
X — X' — '
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Basis Set Methods

@ Expand wavefunction in
a finite basis of functions

Xot —

Xt ——
Xo® ——

XH™—

X2 —— Xo? ——
X — X' — '
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Basis Set Methods

@ Expand wavefunction in
a finite basis of functions
" © For Hydrogen, we know
Xt —— a complete basis of

Xo® —— eigenfunctions

XH™—

X2 —— R ——
X! — Xo' — '
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Basis Set Methods

@ Expand wavefunction in
a finite basis of functions

© For Hydrogen, we know

Xo* — .
Xt —— a complete basis of
. Xo® —— eigenfunctions
XH™ — . . .
XHz w2 © Truncation of this basis
H — . .
i Gl ' gives an (incomplete)
finite basis
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Basis Set Methods

@ Expand wavefunction in
a finite basis of functions

s © For Hydrogen, we know
xHt —— a complete basis of
. Xo® —— eigenfunctions
szi w2 © Truncation of this basis
i v il ' gives an (incomplete)
finite basis

© How do we construct a
basis for multi-electron
wavefunctions?
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Slater Determinants

uzik (Harvard University) Q. Computation for Chemistry 7-25-07 63/85




Slater Determinants

@ Approximate multi-electron w.f. using Hydrogenic orbitals
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Slater Determinants

@ Approximate multi-electron w.f. using Hydrogenic orbitals
@ Consider Hartree-Product w.f.: [x5(1)) ® [x3(2)) ® [x$(3))
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Slater Determinants

@ Approximate multi-electron w.f. using Hydrogenic orbitals
@ Consider Hartree-Product w.f.: [x5(1)) ® [x3(2)) ® [x$(3))
© Neglects interactions - also ignores indistinguishability

Alan Aspuru-Guzik (Harvard University) Q. Computation for Chemistry 7-25-07 63 /85



Slater Determinants

@ Approximate multi-electron w.f. using Hydrogenic orbitals
@ Consider Hartree-Product w.f.: [x5(1)) ® [x3(2)) ® [x$(3))
© Neglects interactions - also ignores indistinguishability

© Use a Slater Determinant: complete antisymmetrization of Hartree
Products

xo(1) @ x3(2)) @ [x5(3))

|XoXoXo \F Z “g“(P)P

PESg
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Hartree-Fock

0

Molecular orbitals

First approximation - neglect e-e interactions
Hartree- Fock - treat e-e electrons at mean field level

@ Given a set of orbitals compute average potential felt by each
electron

@ Re-solve the non-interacting problem with this effective potential
@ lterate until convergence
@ Result is a set of molecular orbitals
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HF Determinants

Hartree Fock
Ground state

Hartree Fock
Excited state

——O—— 2K-N virtual

orbitals

WN—— AN—O—

—0—

N orbitals

Xa—O— Xa—O—

Nzs—O— Nz—@—

Xo—o— Xo—o—

X4—O0— $i—&—
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HF Determinants

Hartree Fock
Ground state

@ HF GS: fill first N orbitals
Hartree Fock and form Slater
Excited state .
Determinant

——O—— 2K-N virtual
orbitals

X3—O0—
Xo—o—

AIN—O—

N orbitals
W——
Nz—@—

Xo—o—
X4—O0—
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HF Determinants

@ HF GS:fill first N orbitals
Hartree Fock Hartree Fock and form Slater
Ground state Excited state .
Determinant

2K
— —O0— 2KNvirtual @ There are ( N)
orbitals OCCupancy States
(configurations)

— S

N orbitals
X4—O0— XW——

Az—O— X3—O0—

Xo—o— Xo—o—
X4 —O0— X4—O0—
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HF Determinants

Hartree Fock
Ground state

Hartree Fock
Excited state

——O—— 2K-N virtual

WN——

Xo—o—

Alan Aspuru-Guzik (Harvard University)

@ HF GS: fill first N orbitals
and form Slater
Determinant

Q There are (3f)

orbitals occupancy states
(configurations)
IN—O— .
© These are organized
, into singles, doubles,
N orbitals .
X4—O0— triples, etc
Nz—@—
X2—o—
X1—O0—
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HF Determinants

Hartree Fock
Ground state

Hartree Fock
Excited state

——O—— 2K-N virtual
orbitals

WN—O—

Xo—o—

Alan Aspuru-Guzik (Harvard University)

AIN—O—

N orbitals
Xa—O—
Nz—@—

Xo—o—
Ki—&—

@ HF GS: fill first N orbitals
and form Slater
Determinant

Q There are (3f)
occupancy states
(configurations)

© These are organized
into singles, doubles,
triples, etc

© The determinants
formed from these
configurations form an
N-electron basis
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Somma’s mapping

And how can we use it for quantum simulation?

Definition: Spin configurations: [z] = |z1z22324)

Thermodynamic variables Aat T

1
_ —BE
(AT = 6] % e Ell Ay

Example: Ising model E[z] = J;z'Z/
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Somma’s mapping

And how can we use it for quantum simulation?

Definition: Spin configurations: [z] = |z1z22324)

Thermodynamic variables Aat T

1
— —BE
<A>T = ﬁ % e [Z]A[z]

Example: Ising model E[z] = J;z'Z/

v

Classical — quantum mapping
[2] — [2])
Z - ol

A A
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Some goodies

Quantum “Thermodynamic” averages

- D -
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Some goodies

Quantum “Thermodynamic” averages
5 5 |A[W(T
A = oA = LDIABT) _ 0

(W(T)[(T))

But, does the Hamiltonian [A, H] = 0 that gives the thermodynamic
states exist?

It exists! See Henley J. of Phys. Cond. Mat 16 (2004) S891

For any classical statistical-mechanics model with a discrete state space, and
endowed with a dynamics satisfying detailed balance (...) a quantum
Hamiltonian can be constructed (on the same state space) such that the
ground state wavefunction coincides with the classical equilibrium
distribution. Furthermore the excited eigenstates correspond to classical
relaxation modes (...) Quantum and classical correlation functions are related
by analytic continuation to the imaginary time axis.

v
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How to get the magic C — Q Hamiltonian?

Classical master equation
d .
2= > (W) - Wipi(r))
J#i

Similarity-transformed transition matrix

W(T) = e PH2W(T)e/2

@ Shares eigenvalues with W(T)

v

N

Hq(T) = 1 = W(T)

v

ne can show that for T >0 W( TY) is the
Q. Computation for Chemistry 7-25-07 68 /85
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Properties and examples

Important results of these papers

@ Thermodynamics of classical spin 1/2 can be obtained from the
ground state of a quantum system with classical interactions
(determined by T and H) and an external homogeneous
transverse field.

@ Quantum fluctuations +— Classical fluctuations
@ V(T — o0)) & JWHZD >

Alan Aspuru-Guzik (Harvard University) Q. Computation for Chemistry 7-25-07 69 /85



Properties and examples

Important results of these papers

@ Thermodynamics of classical spin 1/2 can be obtained from the
ground state of a quantum system with classical interactions
(determined by T and H) and an external homogeneous
transverse field.

@ Quantum fluctuations <= Classical fluctuations

® V(T — 00)) ~ gpll2]) >

1D Ising model

Hi(T) = o), — cosh(8Y) — cosh(8J) sinh(BJ) (oL "o, + ol oLt") — sinh(Bd)Po Y=o+

Frustrated Hamiltonian, except for T = 0.
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Why do chemists care?

Plan of attack

@ An adiabatic QC like the one described above could yield
quantum states that are analogous to thermodynamic states.

@ One can obtain statistics for lattice models of interest to
chemists at finite temperature
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Why do chemists care?

Plan of attack

@ An adiabatic QC like the one described above could yield
quantum states that are analogous to thermodynamic states.

@ One can obtain statistics for lattice models of interest to
chemists at finite temperature

v

Specific example of interest to us: Protein lattice models

@ We have found a mapping of the Hydrophobic-Polar model to a
2DIMM

@ Working with D-Wave for experimental realization

@ We plan to use Somma’s method to study T > 0 states of this
model experimentally using their quantum device.

A\
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HP model

Ivan Tubert-Brohman and Colin Truncik (D-Wave) and AAG
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HP model mapping to 52 quantum bits

Ivan Tubert-Brohman and Colin Truncik (D-Wave) and AAG

7-25-07 72/85



Interview with David Deutsch, Wired Magazine

David Deutsch
| think the field doesn’t need acceptability. The idea will either be valid,
or not. The claim will either be true, or not. | think that the normal
processes of scientific criticism, peer review and just general
discussion in the scientific community is going to test this idea —
provided enough information is given of what this idea is. That will be
quite independent of what kind of access they provide to the public.
However, | think the idea of providing an interface such as you
describe is a very good one. | think it's a wonderful idea....
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TeQuiLA: A High-Performance QC Simulator

4 circuit for K2 simulation on
R) 3.14tscpssanesres
0,2190048268274582

Features
\ bt 1o salcule m Btic votd genvector_actian(int bit) @ FREE! Under LGPL

{

int nup, inc, i1, jj:

tveg—— @ Reads Isaac Chuang’s

H3
o dectare qubits Siees A [AT=X
A sm (IATg
qubit 1 inc = ement[bit]:

::::: g :> for (1120 11<nups 11++)
EEE Eé C— 2 Lt onblt)s e Tvetes) @ Fast linear algebra core
Srpts 33) Gtelss et (para| lelizable)

# hadanards on register bits

rx C1 qdefs['pi']

ry C1 qdefs['pi')/2 returns

rx K2 qdefs['p1'] ’ |—| .

N2 s ) @ Pure or mixed states
G T

ry C4 qdefs['pi']/2

>=0,1 2 0.3 0.4
] 1 I |

@ Perfect for circuit
simulation, experiment
design, undergraduate
courses, parties,

83412313
90669

3.9703682679608337e+00 70786481
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Excited states: Multiconfigurational Self-Consistent
Field (MCSCF)

Work in progress: In collaboration with Sabre Kais, Purdue University

@ Choose a subspace Hpicscr C H
@ Find the optimal coefficents C,; and orbitals ¢; self-consistently

@ Note: The orbitals will be different to the Cl orbitals (natural
orbitals)

MCSCF Equations

Umescr = Y Ak®k, Pk =A[] o ¢i=_ xuCui
K B

iCcK
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MCSCF advantages

® |(Wycsce|Wo) P > [(WrE|Wo)[?
@ Can be prepared classically in polynomial time
@ Reproduces better potential energy surfaces and excited states.

@ We conjecture that it has a significative overlap with a polynomial
number of states.

State Preparation

@ Use Natural orbital occupation coefficients as a guess, or
© Prepare the MCSCF state efficiently
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Valence active space

Capturing the important correlations

; All
active "
excita-
space tions

FxFEEEEII]]

@ Use near-optimal orbitals (e.g. coming out from imperfect pairing
method)

@ Only consider excitations of the valence electrons
@ Able to treat more exciting chemical problems
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Other things we will work on next semster
When the students join the group!

Phase estimation

@ Effect of Trotter discretization

@ Finish work on effects of noise

@ Excited states

@ Molecular properties (polarizability, dipole moments)

@ Precise gate counts and sequences for series of molecules

v

Other quantum algorithms

@ Finding protein low-energy conformations (lvan Tubert-Brohman)
@ Chemical reaction dynamics (Masoud Mohseni)
@ Density Functional theory and correlation (Ali Najmaie)

A
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Conclusions and Outlook

“We want to use this machine in the same sense ... as a cyclotron is used in a physics
laboratory” - John Von Neumann

@ Quantum chemistry includes a well-defined set of problems which
are optimal candidates for small quantum computers.

@ Much chemical intuition available: should enable proof of
conjectures about, e.g. adiabatic state preparation

@ Experimental realizations - yes, please
@ Use Tequila to design further small realizable examples

@ Further algorithmic improvements, other eigenfunction Ansatzes,
active space methods, lattice gas methods, ...
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Thank you!

Also thanks to:

@ Mikko Métténen
(Factorization)
Anthony Dutoi, Peter Love, @ The David Cory group

Martin Head-Gordon (Jonathan Hodges, Troy
Borneman)

@ The Martin Head-Gordon
group
@ D-Wave Systems (funding)

Reference:
Aspuru-Guzik, Dutoi, Love and Head-Gordon Science 309 5741 (2005)
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But where are we?
Active control of qubits

A Meas.
. N_
g AL
180, 0 90,
x 180, trree
1 o1 P B
05 10
[t e ma—— 4
0 50 100 150 200 250 300

Probability P
o
o

o [ns] 200 250 300

Steffen et al. Science 313 (2006) 1423
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But where are we?
Active control of qubits

B Operation

Steffen et al. 313 (2006) 1423
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Adiabatic State Preparation

If HF is a bad guess, construct the FCI solution adiabatically.

W) = g0 [ o E E E Jwrer)

HHF

IfI(B) H® HFe!
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Adiabatic State Preparation

If HF is a bad guess, construct the FCI solution adiabatically.

Open question
Discretization effects?

A

") 7 00 ] g®

:

1f1(3> H® IA_IFCI
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Adiabatic State Preparation for Molecules?

@ Molecules are insulators and they often have color (even most
polymers).

@ For a given system, we know a lot of properties of the eigenvalue
spectrum from approximate classical methods.

@ Kohn’s argument against wave function theories does not lead to
an exponential increase in preparation time.
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Adiabatic State Preparation for Molecules?

@ Molecules are insulators and they often have color (even most
polymers).

@ For a given system, we know a lot of properties of the eigenvalue
spectrum from approximate classical methods.

@ Kohn’s argument against wave function theories does not lead to
an exponential increase in preparation time.

v

Kohn’s Idea

For an group of K non-interacting subsystems call Sy = |(W{|w1)],
then the overall overlap S will decrease as S¥,
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Adiabatic State Preparation for Molecules?

@ Molecules are insulators and they often have color (even most
polymers).

@ For a given system, we know a lot of properties of the eigenvalue
spectrum from approximate classical methods.

@ Kohn’s argument against wave function theories does not lead to
an exponential increase in preparation time.

v

Kohn’s Idea

For an group of K non-interacting subsystems call Sy = |(W{|w1)],
then the overall overlap S will decrease as SK, but ...

. InS
Jm =Sl ==
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The Aspuru-Guzik Group

Department of Chemistry, Harvard University

Renewable Energy Materials

@ Polymer Fuel Cell Membranes
@ Nanoparticle/Organic photovoltaic materials
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The Aspuru-Guzik Group

Department of Chemistry, Harvard University

Renewable Energy Materials

@ Polymer Fuel Cell Membranes
@ Nanoparticle/Organic photovoltaic materials

Density Functional Theory development

@ Non-local density functional theory
@ Connections with quantum information theory
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The Aspuru-Guzik Group

Department of Chemistry, Harvard University

Renewable Energy Materials

@ Polymer Fuel Cell Membranes
@ Nanoparticle/Organic photovoltaic materials

Density Functional Theory development

@ Non-local density functional theory
@ Connections with quantum information theory

Quantum simulation

@ Quantum devices (computers and simulators) and their
application to chemistry.

@ Connections between quantum algorithms and physical systems.

y
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