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Molecular Modeling of Excitonic Dynamics

We combine molecular dynamics simulations/quantum chemistry with quantum
dynamic calculations to study excitonic phenomena in molecular systems

Dynamics of light harvesting
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NISQ Quantum Computation for Quantum Chemistry

We also develop hybrid quantum/classical algorithms to enable
simulations of molecular systems in the NISQ era.

Characterization of gate errors on IBM-Q Energy transfer dynamics using quantum noises
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IBM Quantum Development Roadmap (2022/5)

Development Roadmap | &me—® |BM Quantum
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Exponential Growth in Quantum Performance

Doubles per year
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We will soon have quantum devices
with > 100 qubits.
What do we do with it?



IBM predicts quantum computing applications to evolve
over 3 horizons
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IBM predicts quantum computing applications to evolve
over 3 horizons

) Quantum simulation and optimization tasks
dominate near-term applications of
quantum computers!!
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NISQ Devices

Available near-term quantum computers (e.qg.
IBM-Q) are NISQ devices

NISQ = Noisy Intermediate-Scale Quantum
Computer

Quantum algorithms designed for NISQ
devices are available and currently a hot topic
for research

Suitable for specific tasks that can be
performed with a small number of qubits and
limited circuit depth



Quantum Advantage in the NISQ Era

Quantum Kernel estimation
Variational quantum classifiers

Quantum GAN "—{:’5\ Quantum phase estimation

Variational quantum eigensolver

Challenges:
Noise mitigation
Space reduction
Hybrid computing
Barren plateau

=

LOGISTICS

FINANCE

Quantum linear algebra
Quantum approximate optimization algorithm

https://quantumcomputingreport.com/quantum-advantage-with-nisq-devices/



Quantum Computing for Better Batteries

How Quantum Computers Can Make Batteries
Better > Hyundai partners with lonQ to optimize
lithium-air batteries

AY CRANLES Q. CWO1 20 JAN 2922 3 wIN M L

https://www.ibm.com/case-studies/daimler/
https://ionq.com/posts/january-21-2022-improving-battery-chemistry-quantum-computing
Ho et al., Joule 2, 810 (2018); Kim et al., Phys. Rev. Research 4, 023019 (2022)
https://doi.org/10.48550/arXiv.2204.11890
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Google’s Quantum Milestone

RESEARCH

QUANTUM COMPUTING

Hartree-Fock on a superconducting qubit
quantum computer

Science 369, 1084 (2020).
Google Al Quantum and Collaborators* }

The simulation of fermionic systems is among the most anticipated applications of quantum computing.
We performed several quantum simulations of chemistry with up to one dozen qubits, including modeling
the isomerization mechanism of diazene. We also demonstrated error-mitigation strategies based on
N-representability that dramatically improve the effective fidelity of our experiments. Our parameterized
ansatz circuits realized the Givens rotation approach to noninteracting fermion evolution, which we
variationally optimized to prepare the Hartree-Fock wave function. This ubiquitous algorithmic primitive is
classically tractable to simulate yet still generates highly entangled states over the computational basis,
which allowed us to assess the performance of our hardware and establish a foundation for scaling up
correlated quantum chemistry simulations.



Google’s Quantum Milestone

Hartree-Fock calculations of hydrogen chains
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All these calculations still suffer from errors in the quantum
devices and it is extremely difficult to scale up.



Errors on a IBM-Q System
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Nontrivial non-Markovian noises that can not
be described by simple error rate models!
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Error Characterization via QST

* Apply repetitive contracted-identity gates +
quantum state tomography =2 p(t)

* Propagate Liouville dynamics that matchs
observed time evolutions < h,(t), h, (t), h,(t)

XX gate errors

p(®) = {HE®,p®]+ ) Lilp(®)]

H(t) = hy(t)o, + hy(t)oy, + h,(t)o,

1)



Error Statistics (XX Gates)
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See Li-Chai Shi’s poster (Poster #15)



Quantum Simulation of Open Quantum
System Dynamics
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Efficient Quantum Simulation of Open Quantum System Dynamics on

Noisy Quantum Computers
Shin Sun, Li-Chai Shih, Yuan-Chung Cheng
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Open Quantum System Dynamics

H =HS+HB+ HSB

a N Dynamical phenomena:
System * Relaxation
P * Internal conversion
- J « Decoherence/dephasing

* Population transfer
* Energy transfer

« Electron transfer
Environment (Bath) N

Open quantum system dynamics play critical roles in a
broad array of chemical and physical processes!!



Photosystem |l Core Complex (PSlI)

Reactioncenter , . CP47

Dimer structure with 70 chlorophylls and 4 pheophytins



Dynamics of Light Harvesting (Dimer)

Excitation at CP47 (M1) Excitation at CP43 (M1)
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» Energy flows to both RCs mediated by CP47
« Light harvesting is reversible and the antennas are connected



Energy Transfer Network in PSIl Dimer

~70 ps CP47->RC RP1
~ 30 ps RC - CP47

RP1 ~70 ps CP47>RC
Chlorophyll FL: 1 ns (M1) ~ 30 ps RC > CP47

« Part of the energy flows to CP47 and shared by both RCs
« Energy transfer “hot spots” can be identified



Open Quantum System Dynamics

« Dissipative quantum dynamics of open quantum systems
are crucial in a broad range of physical and/or chemical
phenomena in complex systems, such as photosynthetic
light harvesting. In this research we aim to turn nowadays
NISQ devices into useful tools for quantum simulation of
open quantum systems.

« Simulation of dissipative quantum system is difficult for
classical computers in the intermediate noise-strength
regime -- Non-Markovian dynamics, non-perturbative
effects, quantum coherence...
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Simulating Light Harvesting on a NMR QC

np| | Quantum Informatior

www.nature.com/npjqi

ARTICLE
Efficient quantum simulation of photosynthetic light
harvesting

Bi-Xue Wang', Ming-Jie Tao'?, Qing Ai (77, Tao Xin', Neill Lambert’, Dong Ruan', Yuan-Chung Cheng®, Franco Nori (0",
Fu-Guo Deng™® and Gui-Lu Long'"**'®

Near-unity energy transf« dﬁdoﬂcy hu been widely observed in natural photosynthetic complexes. This phenomenon has
at

= Not scalable because the requirement to
w ~ simulating environment noise explicitly can
= not be fulfilled on nowadays NISQ devices!
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npf Quantum Information (2018)4:52 ; dol:10.1038/541534-018-0102-2
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NISQ Devices

» Available near-term quantum computers (e.qg.
IBM-Q) are NISQ devices

* NISQ = Noisy Intermediate-Scale Quantum
Computer

* Simulating a close quantum system on a
NISQ device is prone to error due to both
coherent and incoherent noises — effects
required in simulating open quantum systems

“Can we utilize intrinsic noises in a QC to
simulate open quantum system dynamics?”



Model Energy Transfer System

« We adopt the simplest energy transfer system, a unbiased
exciton dimer as our model system, and encode the
exciton occupation in qubit working basis.

Penar Acceptor An essential step in
F N photosynthetic light harvesting
J__}Q Energy Transfer IN Itl al f| N al
=
Eeseees Seeem |€> S —— | o>
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11> 2> 11 2*>

Cy3
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(simplest symmetric dimer case)

ure adapted from Wallace B, Atzberger PJ (2017) Forster resonance energy transfer: Role of diffusion of fluorophore orientation and separation in observed shifts of FRET efficiency. PLOS ONE 12(5)



Model Energy Transfer System

Encode the exciton occupation in qubit working basis.

Jordan—-Wigner representation:

1 1 .
ap = E(Xn —iYy)  ap = E(Xn + 1Y)

Quantum Circuit for Unitary Time Evolution (6=t):
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Site 1 Population
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Rabi oscillation nicely described

on IBM-Q:

 |If the population is
iIntermediately renormalized
within the one-exciton
manifold

» Leakage errors can be easily
mitigated and do not affect
the coherence in the one-
exciton space

* Errors limit the length of the
quantum simulation



Introducing Dissipative Dynamics

System

Propagator




Introducing Dissipative Dynamics

« To introduce desired noises, we append to the system
propagator a pulse sequence which contracted to identity
ideally but make the system decohere due to gate
imperfection — decoherence-inducing gate sequence.

Identity operator ideally,
decoherence-inducing in reality

System
Propagator




Introducing Dissipative Dynamics

« To introduce desired noises, we append to the system
propagator a pulse sequence which contracted to identity
ideally but make the system decohere due to gate
imperfection — decoherence-inducing gate sequence.

e Thi
Sys

Carry out calculations on real
quantum computers — IBM-Q
Quantum Cloud

1. XX
2. (XZXZZ)(XZXZ2Z)
3. (SWAP)(SWAP)

System
Propagator

Dissipation



Energy Transfer Dynamics : X?

#pulses /At =0

Gy

#pulses /At = 20

#pulses /At = 40

Svoge “ae

#pulses /At =70

The simplest pulse results in unphysical

dissipative dynamics.

All experiments executed on ibmg_manhattan

X? Bloch Sphere Dynamics
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identity sequences!
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300 (XZXZZ)? Steps (on manhattan, 11/02)
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(XZXZZ)? produces Well-behaved depolarization
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sequence from the principle of dynamical decoupling.
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Energy Transfer Dynamics : (XZXZZ)?

#pulses /At =0 #pulses /At = 25 (XZXZZ)? Bloch Sphere Dynamics
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(XZXZZ)? sequence results in consistent +> ->
coherent dissipative quantum dynamics —
dynamical decoupling of unwanted noises.

All experiments executed on ibmg manhattan



#pulses /At =0
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The SWAP? pulses produce consistent dynamics, demonstrating the coherent-to-
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Energy Transfer Dynamics : (SWAP)?

All the experiments are executed on ibmq_paris
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incoherent transition with increasing system-bath coupling strength.



Compared to HEOM Calculations

To validate the simulated dissipative dynamics, we compared the NISQ

simulations to dynamics obtained using hierarchical equation of
motion (HEOM) method — a numerically exact but expansive method

and incoherent EET limits
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Fitted HEOM Parameters
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Prediction of Dynamics at the
Intermediate Coupling Regime

 Interpolation can be used to accurately simulate dynamics
at any system-bath coupling strength!
* Pre-calibration by fitting to HEOM at weak- and strong-

coupling limits allows accurate prediction of energy transfer
dynamics in the most difficult intermediate-coupling

regime.
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Simulations on Different Days

HEOM 5sq.

o Linear calibration curves,
fitting

with slopes changing
everyday
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Concluding Remarks

« We have successfully simulated dissipative dynamics for
symmetric dimer systems under different damping regime
using intrinsic gate noises of NISQ devices -- without
using additional ancilla qubits.

* The current IBM-Q platform does not offer enough
stability for consistent quantitative simulation of
dissipative quantum dynamics; however, by employing
our designed hardware-specific pulse sequences, the
consistency can be significantly improved.

* We combined quantum simulation on NISQ devices and
numerical post-processing to extrapolate the dynamics to
longer time scales and to achieve accuracy comparable to
HEOM-level theories on classical computers — might be
another path to demonstrate quantum advantage.



Concluding Remarks

Development of quantum . . s Evolution of Computer Power/Cost
computers is clearly stillin "™
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