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Analog Simulation 

Antikythera Mechanism circa 200 BC 



Without the computer-based simulation, the 

material culture of  late-twentieth-century 

microphysics is not merely inconvenienced  – It 

does not exist. […] Machines […] are inseparable 

from their  virtual counterparts – all are bound to 

simulations. 

 
                           

       –Peter Galison 

 

From Image and Logic:  

A material culture of microphysics (1997) 
 
 



“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.” 
 

 





E = -192.0492 Hartree 

quantum system 
Quantum model 

(quantum information) 

Classical information 
processor 

Classical information 



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

Full Configuration Interaction: 
Exact (within a basis) 

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

Tensor networks 





R. P. Feynman, Int. J. Theor. Phys. (1982) 

quantum system 
quantum system 

(quantum information) 



E = -192.0492 Hartree 

quantum system 
Quantum model 

(quantum information) 

Quantum information 
processor 

Classical information 





quantum optics trapped ions nuclear magnetic 
resonance 

superconducting loops semiconductor  
quantum dots 

nitrogen vacancies 
in diamond 



State 

preparation 

Time 

evolution 

Property 

readout 

Merlin Arthur 



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

 

 

 

 

 Bounded Quantum Polynomial (BQP) 

The class of decision problems solvable in 
polynomial time by a quantum computer 

Decision problems that have a proof that can 
be verified by a quantum computer 



? 

Simulation 

Including 
Preparation 
(molecular 
Instances) 





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





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



Molecular Physics, 109, 735-750 (2011) 



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

Clark et al, PRA (2009) 



System  

Analog 

Adiabatic 

Adiabatic 

Quantum 

Simulator 

Digital 

First-quantized 

Second Quantized 

Kassal, Whitfield, Perdomo, Yung, Aspuru-Guzik, 
 A Annual Review of Physical Chemistry 62, 185-207 (2011)  arxiv:1007.2648 
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One gate-model probe qubit (P) 

Hamiltonian to simulate 

Start with: (eg. Transverse field) 

Adiabatically turn on Hs 

Slowly interact using operator A 



• O(D) evaluation of forces and derivatives 

• Kassal, AAG, J. Chem. Phys. (2009) 
Molecular 

Properties 

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

• Huang, Kais, AAG, Phys Chem .Chem. 

Phys. (2008)  

State preparation 

• Whitfield, Biamonte, AAG, (Molecular 

Physics.  (2011)) 
Resource 

estimation 

• C. R. Clark, …, K. Brown, Phys. Rev. A. 

(2009) Error Correction 





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



 

 



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



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



Nature Chemistry (2010) 



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



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



H+H2         H2 + H 

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



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

Supercomputer 

300 bit, 1 giga-op quantum computer 

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

Number of particles 







Or how Arthur has to pick a poison 

Adiabatic preparation 

Projection using phase 
estimation 

Prepare a polynomially-scaling 
approximation from quantum 
chemistry 

Cooling it, like a Demon!  TM 



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 



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

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

Adiabatic preparation 



0.0 0.01 

Adiabatic preparation 



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

Two-qubit experiment to 
demonstrate state preparation 
to 10-5 precision in the phase 
and simulate 2-qubit Heisienberg 
model “phase transition” 

Projection using phase 
estimation 



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

Projection using phase 
estimation 



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

Projection using phase 
estimation 



, 

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... 

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!  TM 



Cooling it, like a Demon!  TM 

Meet the cooling 
 module 

Before measurement… 

the state becomes 



Cooling it, like a Demon!  TM 



Cooling it, like a Demon!  TM 



Cooling it, like a Demon!  TM 



Cooling it, like a Demon!  TM 



Cooling it, like a Demon!  TM 



Cooling it, like a Demon!  TM 



Optimal  refreshing 

Initial ground state pop.: 0.2.      Final: 0.95 

Cooling it, like a Demon!  TM 





Towards lattice folding on a quantum device 

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)  

Continuum 

protein 

Lattice 

model 

Quantum 

annealing 

machine 



Quantum annealing 

Lattice folding into spin-glass Hamiltonian 



Quantum annealing 

Transverse field ON 
Longitudinal field OFF 

Transverse field OFF 
Longitudinal field ON 



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

Assumptions: 

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

 
2) Only two types of amino acids: 
  
Hydrophobic = 
            Polar =  
 
3) Amino acids allowed to move 

in a 2D or 3D square lattice 
 
4) Only nearest neighbor 

interactions  
 



How to encode the folding pattern? 

00 

01 10 

11 

Number of resources for 
A D-dimensional lattice: 

Previous mapping (Perdomo et al. PRA2008):  



Time-dependent spectrum and energy landscape 



Embedding of the problem into the quantum device 



Results: Theory vs. Experiment 

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. 

Experiment: 80.3% 
Theory: 80.4% 

Ground state probability 

Results at Temperature = 20mK 

As expected, most non-adiabatic 
dynamics happen around  τ ≈ 0.4 
(min. gap region) 

Ground state 
probability 

Excited states 
probabilities 



S P 

V 

Example with Miyazawa-Jernigan interaction energies 

Experiment #2 

S P 

V 

Experiment #3 

P S V 

Experiment #1 

01 00 0q1 q2q3 q4q5 01 00 1q1 q2q3 q4q5 01 01 0q1 q2q3 q4q5 

S P 
01 0q1 q2q3 q4q5 q6q7 

S P 

V 

01 00 q1q2 q3q4 q5q6 

Experiment #2 

S P V K M A 

P 

Example: 

S V 

K M A 

=Proline =Serine =Valine 

=Lysine =Methionine =Alanine 

P K 

Interaction 

-1 
P A 

S M 

V A 

-2 
-3 

-4 

1 experiment 
7 qubits, 7-local 

Six amino-acid problem: 

3 experiments 
5 qubits, 5-local (each) 

1 experiment  
6 qubits, 6-local 

+ 
1 experiment 

5 qubits, 5-local 

P S V 

Experiment #1 

01 01 0q1 q2q3 q4q5 

Scheme 1 

Scheme 2 

Scheme 3 
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Experiment #3 

P S V 

Experiment #1 

01 00 1q1 q2q3 q4q5 

01 01 0q1 q2q3 q4q5 

Energy landscape  for six amino-acid sequence S P V K M A 

24 states in the E=0 manifold 

S P 

V 

Experiment #2 

01 00 0q1 q2q3 q4q5 

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

Originally: 5 qubit, 5 local 
Transformed to: 10 qubit, 2-local 
Experiment: 27 qubits 

Originally: 5 qubit, 5 local 
Transformed to: 10 qubit, 2-local 
Experiment: 28 qubits 
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Experiment #1 

01 01 0q1 q2q3 q4q5 

Energy landscape  for six amino-acid sequence S P V K M A 

24 states in the E=0 manifold 

Experiment #2 

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

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

En
er

gy
 

P K 

Interaction 
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S M 
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S P 
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01 00 q1q2 q3q4 q5q6 

78 qubits experiment in progress! 



EXIT 



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

Collaboration with Andrew White 
(Queensland) 



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

Selected by Journal as Best of 2009 

•Gaussian fluctuations 

•Classical noise 

•Pure dephasing 

•Arbitrary coupling 

strength 

Haken-Strobl model 



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

Simulation of Haken-Strobl 
Equaiton using Stochastic 
Schrodinger Equation (SSE) method 



J. D. Whitfield, C. A. Rodriguez-Rosario, A. Aspuru-Guzik  
Phys. Rev. A 81, 022323 (2010) 



 

For example:  Work of Viv Kendon and co-workers 



 



 



J. D. Whitfield, C. A. Rodriguez-Rosario, A. A.-G. Phys. Rev. A 81, 
022323 (2010) 







W = SC   (shift + coin) 
Turn to induce decoherence 



Experimental results 

 Standard  
deviation 

discrete-time 
classical walk 

quantum 
walk 



quantum 

classical 





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



Thank you! 

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

Quantum simulation for chemistry 
Is a promising direction: 
- Electronic Structure 
- Chemical Dynamics 
- Statistitical models (proteins) 

 
 

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




Spatial grid scaling 

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

x 

y 



Whitfield, Kassal and Aspuru-Guzik, In Preparation 



Quantum Computing Program Review 
Cincinatti, OH, 2010 



Quantum Computation for Quantum Chemistry 

Alán Aspuru-Guzik, Harvard University 
aspuru@chemistry.harvard.edu, http://aspuru.chem.harvard.edu 

Objectives 

Objective Approach Status 

• Fully characterize the efficiency of                
phase estimation algorithm for 
chemical problems (20-200 
quantum bits)‏ 
• Develop methods for initial state 
preparation 
•Develop embedding techniques 

•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.  

• 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 
quantum computer. 

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

mailto:aspuru@chemistry.harvard.edu


Quantum Computation for Quantum Chemistry 

Alán 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. 
•  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 quantum  simulation using different 
models (e.g. adiabatic model) and help with experimental realization.  
 



• Adiabatic system + gate-model qubit probe as a quantum 

simulator of many-body-systems. arxiv:1002.0368 

Adiabatic quantum simulators 

• Developed a method for preparing coherently-encoded 

thermal states (CETS) directly on a QC for many graphs 

(e.g. spin-ice)  arxiv:1005.0020 

Simulation of classical thermal sates on a QC 

• Reported last year, but first experiment appeared this year 

in Nature Chemistry 2 106 (2010) 

Quantum simulation for chemistry 



•>90% of energy absorbed 

initiates photosynthesis 

Efficient 

•300 turnover events / sec 

Fast 

•~75% energy dissipated 

within 1 sec  

Regulated 



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



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

Selected by Journal as Best of 2009 

•Gaussian fluctuations 

•Classical noise 

•Pure dephasing 

•Arbitrary coupling 

strength 

Haken-Strobl model 



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

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



Walks Space/Time Correspondence 

State function 

 
Where is our walker? 

 
Equation of motion  

 
How does the walker move? 

 
Graph Correspondence 

 
How is space connected? 

 





 



J. D. Whitfield, C. A. Rodriguez-Rosario, A. A.-G. Phys. Rev. A 81, 
022323 (2010) 





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 



 

For example:  Work of Viv Kendon and co-workers 



 



 



 Quantum Generalization of Probability 
Distributions 



Open Quantum Systems 

Coherent dynamics     Stochastic evolution 



J. D. Whitfield, C. A. Rodriguez-Rosario, A. A.-G. Phys. Rev. A 81, 
022323 (2010) 





Quantum Stochastic Walk: Rules 





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





QW 

CRW 

QSW 

QW QW 

CRW QSW 



 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 





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

Collaboration with Andrew White 
(Queensland) 



W = SC   (shift + coin) 
Jiggle to induce decoherence 



Experimental results 

 Standard  
deviation 

discrete-time 
classical walk 

quantum 
walk 



quantum 

classical 



Interpret ultra-fast 
experiments using 
quantum 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 J. 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 (2010) Discrete single-photon quantum walks 
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