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Realizing Feynman’s dream of 
quantum simulation requires
Minimizing Errors:
• Better hardware 
• High-fidelity gates
• Error mitigation / correction
Optimizing efficiency:
• Better encoding schemes
• Better quantum algorithms
Experimental accuracy:
• Better theoretical models
• Predict new phenomena
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My research contributes to the 
highlighted subsections
Minimizing Errors:
• Better hardware 
• High-fidelity gates
• Error mitigation / correction
Optimizing efficiency:
• Better encoding schemes
• Better quantum algorithms
Experimental accuracy:
• Better theoretical models
• Predict new phenomena
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The Lipkin Hamiltonian is a good toy model for proof concept 
quantum simulations for fermionic many-body dynamics

M.Q. Hlatshwayo, D. Lacroix, E. Litvinova et al. Phys. Rev. C 106, 024319 (2022)
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1) Fock space occupied/empty  𝐻!(2"#×2"#)

2) Individual spin up/down 𝐻)(2*×2*)

3) Total J spin | ⟩𝐽,𝑀 for (w=0) 𝐻+(𝑁×𝑁)

Hamiltonian encoding schemes



An efficient encoding of the Lipkin Hamiltonian by exploiting its 
symmetries and employing the Gray code: example N=2
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𝐻) = ,
% 𝑍𝐼 + 𝐼𝑍 − -

% 𝑋𝑋 + 𝑌𝑌

𝐻! = −𝑍 − 𝑣𝑋

M. Cervia et al. Phys. Rev. C 104, 024305 (2021)

𝐸# 𝜃 = Ψ 𝜃 |𝐻|Ψ 𝜃

M.Q. Hlatshwayo, D. Lacroix, E. Litvinova et al. Phys. Rev. C 106, 024319 (2022)



Ground state energy results of using the variational quantum eigensolver 
(VQE) on a noisy IBM QPU closely agree with exact solution.
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Solve for  𝐻| ⟩𝑛 = 𝐸| ⟩𝑛 given | ⟩0
Define excitation  𝑂./| ⟩0 = | ⟩𝑛 , 𝑂/| ⟩0 = 0
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configuration 
complexity

7D. Rowe, Reviews of Modern Physics40, 153 (1968)

g.s and .
estimated by
VQE on a QPU

How to simulate the excited states of the Lipkin model using the 
quantum equation of motion (qEOM) 



𝐸/# =
⟨0| 𝑂/ , 𝐻, 𝑂./ | ⟩0
⟨0| 𝑂/ , 𝑂./ | ⟩0

, 𝛿𝐸/# = 0

8D. Rowe, Reviews of Modern Physics40, 153 (1968)

Solving the equation of motion leads to a generalized 
eigenvalue equation to be solved on classical computers

variation with respect to 
the coefficients of 𝑂!"

. measured on a QPU
P. Ollitrault et al. Phys. Rev. Research 2.043140 (2020) 



1. Use VQE to find ground state | ⟩0
2. Use QPU to find matrix expectation values .
3. Use CPU to solve for the GEE for excitation energies 𝐸#/

Overview of the quantum equation of motion (qEOM)

P. Ollitrault et al. Phys. Rev. Research 2.043140 (2020) 9



Results of Lipkin Hamiltonian’s excited states energy found 
using qEOM for N=3 particles on a noisy IBM-QPU 
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𝑂./(𝛼) = ;
0, 2!

𝑋2!
0 𝑛 𝐾2!

0 − 𝑌2!
0 (𝑛) 𝐾2!

0 .

𝐾2"
, = 𝑎3

. 𝑎4 𝛼 = 1, 𝑅𝑃𝐴

𝐾2#
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. 𝑎3%
. 𝑎4%𝑎4, (𝛼 = 2, 𝑆𝑅𝑃𝐴)
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Do we get a better theoretical model by including higher 
configuration complexity (𝛼) terms in the excitation operator?



Yes, SRPA shows more accurate results than RPA on an ideal 
QPU but has significant deviations on a noisy QPU for ⁄𝑉 𝜖 > 1
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M.Q. Hlatshwayo, D. Lacroix, E. Litvinova et al. Phys. Rev. C 106, 024319 (2022)



In the near-term quantum computers, we can 
build custom gates for the problem of interest
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‘Basic’ quantum gates are realized with optimization techniques, 
hinging on a realistic model of the physical quantum device   
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Goal: find control pulses that 
optimizes the fidelity



To simulate scattering we need state preparation 
approach, e.g., using adiabatic evolution

F G𝜓9;<:

| ⟩𝜓!

Initial quantum state

Desired quantum state

𝐻! 𝐻"#$%

𝒰(0, 𝑇)

𝑡/𝑇0 1
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Custom gates enable major performance improvements 
for state preparation, and broader class of problems 
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State Preparation

Any long sequence 
of arbitrary operations

Can be realized on IBMQ
using pulse control

E.A. Coello-Pérez, J. Bonitati, K. Wendt et al, Phys. Rev. A 105, 032403 (2022) 16



HF
𝑝! = 𝑁×𝑁

𝑝" =
𝑁×(𝑁 − 1)

2

𝑝" = 𝐴×(𝑁 − 𝐴)

Parameters {𝑥}

∑
@
Γ0@𝐶A@ = 𝜖A𝐶A0

Thouless Theorem
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Self-consistent reference states are a critical starting 
point for computing various many-body phenomena 



Employing the variational quantum eigensolver to perform 
Hartree-Fock basis rotation on a quantum computer

𝜌AB
/ = ⟨Φ 𝑈. 𝑎A

.𝑎B 𝑈 Φ⟩

𝐸 𝜌/ − 𝐸 𝜌/', < 10'C

Google AI Quantum et al, Science 369, no. 6507, (2020), pp.1084-1089 18

Update 𝜃 parameters

𝑈 𝜃 → 𝑒"| ⟩Φ

Givens 
rotations



Properties:
• 1D simple nuclear  model
• contains main features of 

many-body problem
• has a numerical exact solution
• has tunable coupling strength

Preliminary results of the quantum Hartree-Fock algorithm for 
simulating the Negele model with A=3 particles on a real QPU

19

M.Q. Hlatshwayo, K.A. Wendt et al. In preparation.

ibmq_nairobi (7 qubits)

C. Alexandrou et al. Phys. Rev. C 39, 1077, (1989)



A more efficient and less noisy method is to replace 
the Givens rotation gates with optimal control pulses

20Compiled into 30 native device gates for the ibmq_lima

M.Q. Hlatshwayo, K.A. Wendt et al. In preparation.



Summary of talk

21

1. To realize Feynman’s dream of simulation nature, progress is needed in minimizing 
errors from quantum devices, optimizing efficiency of quantum algorithms, and 
improvements on the theoretical models for many-body physics. 

2. Efficient Hamiltonian encoding of the Lipkin model by exploiting its symmetries and 
employing the Gray code for minimal qubit usage and shallow circuit depths.

3. Promising results of quantum simulation of the ground state energy (using VQE) and 
excited states energies (using qEOM) of the Lipkin model for small systems on noisy 
QPUs. Extension to larger systems and closed shell nuclear is underway.

4. Higher configuration complexity ( within the EOM framework leads to more accurate 
results as expected. Efficient encoding scheme requires 

5. Custom gates leads to higher fidelities for state preparation via adiabatic process
6. Perform Hartree-Fock basis rotation via Given rotations on a quantum computer. And 

how to improve the gate fidelity by using optimal control-pulse theory. 



Acknowledgement

22

Funding: 
U.S. NSF through the CAREER 
Grant No. PHY- 1654379 
U.S. Department of Energy by 
Lawrence Livermore National 
Laboratory under Contract No. DE-
AC52-07NA27344

Experiments
We appreciate cloud access of IBM 
quantum computers to run 
simulations for parts of this work. 
The views expressed are those of 
the authors, and do not reflect the 
official policy or position of IBM. 

Collaborators:

Elena Litvinova, Western Michigan University (dissertation advisor)

Denis Lacroix, University of Paris-Saclay (dissertation committee)
Kyle Wendt, Lawrence Livermore National Lab (dissertation committee)

Sofia Quaglioni, Lawrence Livermore National Laboratory
Yinu Zhang, Western Michigan University 

Ryan LaRose, EPFL Computational Quantum Science Lab

Herlik Wibowo, York University
Coello Tono Perez, Oak Ridge National Laboratory



Email: mbn6916@wmich.edu

Ngiyabonga
Merci

Thank You

mailto:mbn6916@wmich.edu


Extra Slides for Q&A

24



An efficient encoding of the Lipkin Hamiltonian by exploiting its 
symmetries and employing the Gray code

M.Q. Hlatshwayo et al. Phys. Rev. C 106, 024319 (2022)
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O. Di Matteo et al. Phys. Rev. A 103, 042405 (2021)
The GC uses less gates than 
SB with lower circuit depth

Gray code (GC)

Standard binary (SB)



𝑈 𝑒0 = exp ∑
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QR - decomposition via Givens rotation

|Ψ >= 𝑈 𝑄 𝑈 𝑅 |Φ >= 𝑈 𝑄 ∏
3E,

7
𝑒AF'/'|Φ >= 𝑒AG𝑈 𝑄 |Φ >

Google AI Quantum et al, Science 369, no. 6507, (2020), pp.1084-1089 26

Thouless 
Theorem

Basis rotation of Hartree-Fock via Given rotations



The final step is to train a neural network to find optimal 
control pulses for an arbitrary Givens rotation gate

27F. Sauvage and F. Mintert, Phys. Rev. Lett. 129, 050507 (2022)

• Assume smooth transition 
𝑈"%" α + δ𝜃 → 𝐻 α + δ𝜃, 𝑡 .

• Avoid unwanted intermediate 
excitations to higher states.

• Account for all physics 
constraints from nuclear model.



How a superconducting quantum computer works

P. Krantz et al. Applied Physics Reviews 6, 021318 (2019) 28



The variational quantum eigensolver is noise 
resilient hybrid classical-quantum algorithm 

1) Select  !

4) Minimize
energy

Classical Processor

2) Prepare  |#(!)⟩

3) Measure
#(!) ' #(!)

Quantum Processor

Dumitrescu et al. (2018), Phys. Rev. Lett. 120, 210501 29
quantum simulation of the 
binding energy of deuteron



Demonstrated hybrid quantum-classical simulation of 
nuclear scattering on the Advanced Quantum Testbed 

Spin evolution 
along spatial trajectory

AQT
(after noise   
purification)

Ideal

Time stage of the evolution

2 qubits on AQT
Spin Evolution

Classical computer
Spatial Evolution

Two-neutron scattering

F. Turro, T. Chistolini et. al. (2022), in preparation
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With custom gates, designed noise-resilient algorithm 
for quantum simulation of multi-nucleon spin dynamics 
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Simulated QPU
(custom gates)

Simulated QPU
(standard)

Frozen 
in space

Polynomial scaling 
with number of particles

Wendt KA et al, in progress

≡ 6 qubits



Quantum computing offers a natural framework 
for simulating time-dependent scattering theory  

𝑈(2𝑡)

Real-time evolution

State preparation

89𝜓!"

;<𝜓#"

𝑃 = 𝑆=>
"
= 𝜓=(0)|𝜓>(0)

"

≈ 𝜓=.(𝑡) 𝑒7">?- 𝜓>.(−𝑡)
"

Application of unitary transformations (= gates) 32



Our target problem: evolution of two interacting neutrons

G H𝜓 0

G H𝜓 t

𝑈 Δ𝑡 ≅ 𝑈@,3->3A Δ𝑡 𝑈@,>1(𝑟, Δ𝑡)

Nuclear ↔ quantum register map:

|				⟩↔ |00⟩ |				⟩ ↔ |10⟩!						
	
	 	+									
2

%↔ |01⟩ ↔ |11⟩!						
	
	 	−									
2

%

Two-neutron
scattering

time

frozen in space



With minimal number of custom gates, we demonstrated
>99% fidelity, significant increase in quantum simulation 
time

0 2 4 6 8 10

0.0

0.2

0.4

0.6

0.8

1.0

P
ro

ba
bi

lit
y

Time (MeV°1)

Time Step

26 28 30 38 40 42

| 1 °1 i
| 1 0 i
| 1 +1 i

0 20 40 60 80 100 260 280 300 380 400 420LLNL
QPU

Ideal
solution

Wu X et al. (2022), in preparation Holland E et al. (2020), Phys. Rev. A 101, 062307
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