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● Richard Feynman’s memorable words: 

“Nature isn't classical, dammit, and if you want to make a simulation of nature, you'd better make it 
quantum mechanical, and by golly it's a wonderful problem, because it doesn't look so easy.”

“자연은고전이아니다, 젠장. 만약당신이자연을모사하고
싶다면그것을양자역학으로만들어야좋을것이다. 이는
쉽지않기에, 아름다운문제이다.

Quantum simulation



● Richard Feynman’s memorable words: 

“Nature isn't classical, dammit, and if you want to make a simulation of nature, you'd better make it 
quantum mechanical, and by golly it's a wonderful problem, because it doesn't look so easy.”
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● Richard Feynman’s memorable words: 

“Nature isn't classical, dammit, and if you want to make a simulation of nature, you'd better make it 
quantum mechanical, and by golly it's a wonderful problem, because it doesn't look so easy.”
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● Richard Feynman’s memorable words: 

“Nature isn't classical, dammit, and if you want to make a simulation of nature, you'd better make it 
quantum mechanical, and by golly it's a wonderful problem, because it doesn't look so easy.”

Quantum simulation
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● Richard Feynman’s memorable words: 

“Nature isn't classical, dammit, and if you want to make a simulation of nature, you'd better make it 
quantum mechanical, and by golly it's a wonderful problem, because it doesn't look so easy.”

Quantum simulation



● Universal quantum simulators (1996)

Quantum simulation



● Universal quantum simulators (1996)
○ 해밀토니안

𝐻! 은국소적인상호작용을기술하는로컬해밀토니안이다.

○ 해밀토니안시뮬레이션 (Trotter approximation)

국소해밀토니안은양자컴퓨터에서효율적으로모사가가능하다.

Quantum simulation



● 해밀토니안바닥상태를찾기위한양자알고리즘

Quantum simulation



● 해밀토니안바닥상태를찾기위한양자알고리즘

Quantum simulation



● 양자 컴퓨팅 / 양자 시뮬레이션
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Variational Quantum Eigensolver(VQE)



● Ground state of Hamiltonian

- Finding ground state of system is the 
primary interest in the dynamics of large 
chemical systems such as finding the 
lowest-energy molecular crystal 
conformation or protein−ligand docking. 

Variational Quantum Eigensolver (VQE)

arXiv:1812.09976v2



● Variational method:

해밀토니안의평균값은항상
바닥상태의에너지보다크다.

Variational Quantum Eigensolver (VQE)

arXiv:1812.09976v2
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● Ground state energy estimation
1. Prepare quantum states (Ansatz)
2. Measure energy
3. Classical averaging
4. Optimization (Classical)

→ Parameter update

Variational Quantum Eigensolver (VQE)

arXiv:1812.09976v2
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● Hamiltonian

Ex: Hydrogen model

Rev. Mod. Phys.,  92, 1, 015003 (2020)
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● Hamiltonian

Ex: Hydrogen model

Rev. Mod. Phys.,  92, 1, 015003 (2020)
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● Hamiltonian in the second quantized representation

with

for a specific basis set {𝜙!(𝑥)}.

Ex: Hydrogen model

Rev. Mod. Phys.,  92, 1, 015003 (2020)
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● Hamiltonian in the second quantized representation

● Basis sets
– STO-3G, STO-6G…
○ Slater-type orbital

○ Gaussian-type orbital

Ex: Hydrogen model

Rev. Mod. Phys.,  92, 1, 015003 (2020)
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Hydrogen molecule
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● Hamiltonian in the second quantized representation

● Basis sets
– STO-3G, STO-6G…

Ex: Hydrogen model

Rev. Mod. Phys.,  92, 1, 015003 (2020)
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● Qubit Hamiltonian for Hydrogen molecule.

Ex: Hydrogen model

Rev. Mod. Phys.,  92, 1, 015003 (2020)



● Ansatz
○ Unitary coupled cluster (UCC) method

where 𝑇 = ∑" 𝑇" ,

VQE ansatz

| CCi = eT�T
†
| HF i
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● Ansatz
○ Unitary coupled cluster (UCC) method

■ UCC is implementable in universal quantum computer via Hamiltonian simulation.
■ However, the implementation of UCCSD (single and double excitations) needs 

Trotterization.
■ The implementation of UCCSD requires 𝑂(𝑀#𝑁$) gates when using the JW 

encoding, where 𝑀 is the number of spin orbitals and 𝑁 is the number of electrons. 
[Quantum Sci. Technol. 4, 014008 (2019)].

VQE ansatz

| CCi = eT�T
†
| HF i
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● Ansatz
○ Unitary coupled cluster (UCC) method for 𝐻$.

■ Hartree-Fock state 

■ UCCSD operator

VQE ansatz

| H2
HF

i = |0011i
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• JW encoding
• Trotterization
• Specific technique for simplification 



Variational Quantum Eigensolver (VQE)



Variational Quantum Eigensolver (VQE)
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● Ansatz: Unitarily coupled cluster (UCC)

● We define the ansatz as 

where 𝑋% and 𝑌& are Pauli operators on 
qubits 0 and 1, respectively, by following 
the reference presented on the right side. 

● Thus, including the ancilla qubit, we have

Hydrogen molecule



● Ansatz
○ Hardware efficient

Variational Quantum Eigensolver (VQE)



● Ansatz
○ Hardware efficient

Variational Quantum Eigensolver (VQE)

Randomly chosen
Pauli rotations

1D ladder of
Controlled Z gate



● Ansatz
○ Hardware efficient

Variational Quantum Eigensolver (VQE)



Variational Quantum Eigensolver (VQE)

arXiv:2009.12472v1, V. E. Elfving et al



● Barren Plateaus
- The magnitude of its partial derivatives is, on average,
exponentially vanishing with the system size.

● ‘One needs an exponentially large precision to resolve 
against finite sampling noise and determine 
a cost-minimizing direction, with this being 
valid independently of using a gradient-based or 
gradient-free optimization method.’

Barren plateaus

[arXiv:2001.00550]
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Barren plateaus (불모의고원)



● Exponential decay of variance
- The objective operator (e.g. Hamiltonian)

- ‘As complex objectives can be written as sums of
these operators, the results for large objectives can be
inferred from these numbers.’

- ‘Moreover, it is clear that for any polynomial sum of 
these operators, the exponential decay of the signal 
in the gradient will not be circumvented.’

Barren plateaus
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H = Z1Z2



Barren plateaus (불모의고원)
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Barren plateaus (불모의고원)



Barren plateaus (불모의고원)



Error mitigation



Error mitigation

● Super-resolution

● Deblurring  



Error mitigation

● Error mitigation algorithms suppress errors by sampling available noisy devices many 
times and classically post-processing these measurement outcomes. Such techniques 
generally have drastically reduced technological requirements, providing potential near-term 
solutions for suppressing errors in other NISQ algorithms (e.g., variational algorithms for 
estimating the ground state energy in quantum chemistry).
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MeasureNoiseNoise

Estimate noise model



Error mitigation

Takagi, R., Endo, S., Minagawa, S. & Gu, M. Fundamental limits of quantum error mitigation. Npj Quantum Information 8, 114 (2022).



Error mitigation



Error mitigation
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