QUANTUM COMPUTERS AND QUANTUM
CHEMISTRY
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PROMISES OF QUANTUM CHEMISTRY
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THE ELECTRONIC STRUCTURE PROBLEM

“The underlying physical laws necessary for the mathematical theory of a large
part of physics and the whole of chemistry are thus completely known, and
the difficulty is only that the exact application of these laws leads to equations
much too complicated to be soluble.”

-Paul Dirac
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WHAT’S SO “COMPLICATED”?
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TRADITIONAL SOLUTION
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TRADITIONAL CHALLENGES
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Figure 3,19 6-31G** potential energy curves for H,.




BEYOND THE MEAN FIELD
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ALTERNATIVES

DFT: Errors 1n transition states,
Charge transfer excitations, anions,...

Full Configuration Interaction:
Exact treatment i1 Exact (within a basis)

=¥ M. Head-Gordon, M. Artacr,

Physics Today 4 (2008)




QUANTUM MARIONETTE
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QUANTUM COMPUTING NOTATION

@0

® ! 1)
Classical Bit Qubit

qo0) l CL '

q1)

T L/
@2) VX N4 VX




QUANTUM PHASE ESTIMATION
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Classical: O (M N) Quantum: O (M 5)

Challenge: Coherence time

Aspuru-Guazik, Dutoi, Love, Head-Gordon, Science 309, 1704—-1707 (2005).




A New Co-design Perspective

Currently: Given a task, design quantum circuit (or computer) to

perform it.
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Problem: General or optimal solution can require millions of gates.

Alternative: Given a task and the current architecture, find the best
solution possible.

42.02

Peruzzot, McCleant, Shadbolt, Yung, Zhou, Love, Aspuru-Guzik, O’Brien.
Nature Communications, 5 (4213):1- 17, 2014.
+ Equal Contribution by authors



EASY TASK FOR A QUANTUM COMPUTER
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*Efficient to perform on any prepared quantum state ‘
*In general, it may be very hard to calculate this expectation
value for classically for some states




Variational Basics

Variational Formulation:

Can write a Hermitian Hamiltonian as:
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Easy for a Quantum Computer:
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Computational Algorithm

Algorithm 2
CPU
—>

QPU
Adjust the parameters for the next input state
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QUANTUM HARDWARE STATE ANSATZ

Any Quantum Device with “knobs”
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Advantages:

*Use the complexity of your device to your advantage

*Always satisfies a variational principle

*Coherence time requirements are set by the device, not algorithm



Model System




Physical Implementation
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Experimental Electronic Curve
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QUANTUM COMPUTATION IS APPROACHING

Timeline of key events: Quantum chemistry on quantum computers

Feynman proposes to Aspuru-Guzik and co-workers
simulate quantum systems show that the calculation of In a series of papers 59,
with quantum computers. molecular ground-state

the groups of Aspuru-Guzik,
Microsoft Research and
Matthias Troyer clarify what

energies will scale polynomially
on a quantum computer 1.

kind of scaling we can expect A qubit that is stable enough
for quantum chemical algorithms for a trillion operations without

Lloyd confirms that Feynman ’s on quantum computers. too many errors?
proposal is possible 10,

Abrams and Lloyd devise a Aspuru-Guzik and White

complete quantum algorithm experimentally calculate A small quantum computer with

for simulating a quantum system properties of H, with photonic a few hundred qubits for

based on time evolutio n1L, quantum computer technolog y2. quantum chemical calculations

of small molecules?
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Summary

*Quantum computers offer a new route forwards to understanding and
predicting the properties of chemical and material systems

*Considering both the problem and the available architecture offers a
new way to utilize available quantum resources today

*A small scale implementation has been built and tested on quantum
hardware

*Quantum software as well as quantum hardware is being pursued in
industry, national labs, and academia and may be here sooner than we
thought
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