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Disclaimer 
• “I started writing them in 2019, when most of the community had big hopes for 

VQAs (and Noisy IntermediateScale Quantum (NISQ) devices in general) and 
there were still plenty of unknown unknowns. But by now (February 2024), there 
is an increasing consensus in the community that using VQAs on NISQ devices for 
any practical purposes faces fundamental issues and that fault-tolerant 
algorithms (like QPE) seem to be a still distant, but much safer bet. “
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Variational Quantum Eigansolver (VQE)
• VQE is considered as a hybrid, machine learning algorithm

• Variational: Because the VQE varies parameters in order to find the true value
• Quantum: Because it is a quantum algorithm
• Eigensolver: Because we are solving for the lowest eigenvalue

• Useful terminology 
• Hamiltonian 
• Qubit mapping (encoding): the process of encoding information on a qubit
• Ansatz: an educated guess of something (e.g. wave function of a molecule)
• Eiganvalues

• VQE can help us to estimate* the energy of the ground state of a given quantum 
mechanical system.** 

With the following caveats: 
*estimate by providing us an upper bound 
**if we know the Hamiltonian of this system 1
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Objective of VQE
• In many applications, finding the minimum eigenvalue of a matrix is important

• For example, in chemistry the minimum eigenvalue of a Hermitian matrix characterizing the 
molecule is the ground state energy of that system

• Why not using phase estimation algorithm?

• Problem: Given a Hermitian matrix H with an unknown minimum eigenvalue λmin
associated with the eigenstate | ⟩ψmin , VQE provides an estimate λθ bounding 
λmin: 

λmin ≤ λ𝜃𝜃 ≡ ⟨𝜓𝜓 𝜃𝜃 |𝐻𝐻| ⟩𝜓𝜓(𝜃𝜃)
Where 𝜓𝜓 𝜃𝜃 is the eigenstate associated with λ𝜃𝜃
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Objective of VQE
• Alternatively, the above problem can be posed as an optimization problem 

min
𝜃𝜃

⟨𝜓𝜓 𝜃𝜃 |𝐻𝐻| ⟩𝜓𝜓(𝜃𝜃)

By the variational principle of quantum mechanics, the quantity 
⟨𝜓𝜓 𝜃𝜃 |𝐻𝐻| ⟩𝜓𝜓(𝜃𝜃)

can never be smaller than the ground state energy.
• Therefore, minimizing this quantity can give an approximation of the ground state 

energy 
• The process of minimization is done using the variational method (or variational 

principle) 
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Variational Forms
• Variational method is implemented using a parametrized quantum circuit (gate) 

𝑈𝑈(𝜃𝜃)
Which is applied on an ansatz state | ⟩𝜓𝜓 such that 

𝑈𝑈(𝜃𝜃)| ⟩𝜓𝜓 ≡ | ⟩𝜓𝜓(𝜃𝜃)
• Doing this process iteratively over | ⟩𝜓𝜓(𝜃𝜃) yields an expectation value 
⟨𝜓𝜓 𝜃𝜃 |𝐻𝐻| ⟩𝜓𝜓(𝜃𝜃) ≈ 𝐸𝐸𝑔𝑔𝑔𝑔 ≡ 𝜆𝜆𝑚𝑚𝑚𝑚𝑚𝑚

• Example of a variational form is 
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Process of VQE
• Once a variation form is selected, its parameters must be optimized to minimize 

the expectation value of the target Hamiltonian 
• Quantum part 

• Mapping molecular Hamiltonian into a 
qubit Hamiltonian 

• Creating and ansatz 
• Calculating the energy of the trial state 

• Classical part 
• Measure and optimize the parameters 
• Iterate through the loop 

Presenter Notes
Presentation Notes
Mapping the molecular Hamiltonian into a qubit Hamiltonian
The first thing you have to do when building a VQE (for applications in chemstry) is to transform the molecule’s hamiltonian into a qubit hamiltonian. By doing this, you are mimicking the electron orbital interactions with the qubits, which allows you to make calculations as if you were actually computing with the molecule itself!
This task becomes exponentially harder as the molecule’s size increases. More electron orbitals = more qubits required (This is why the largest molecule simulated to date is BeH2).
2. Creating the ansatz
In simple terms, an ansatz is just a really really good educated mathematical guess as to what the answer may be, that can cover many possible states.
For our VQE, the ansatz (or trial wavefunction) is going to be a guess at what the electron configuration is for the specific molecule at a given interatomic distance between each atom.
Ideally, we want an ansatz that covers many possible states and is shallow (Being in the NISQ are of quantum computing, we can’t have overly complicated circuits because of the short coherent runtimes)
The better your ansatz is, the better your output will be (in our case, the ground-state energy).
3. Calculating the energy of our trial state
After we create out ansatz, we want to calculate the energy of that state. We do this with the information given by the hamiltonian for a given interatomic distance, and the energy for that particular electron configuration.
The Classical Part
Measure and optimizing the parameters
After all of our quantum calculations, we feed them back into a classical machine for non-linear optimization (in our case, we want a optimizer than minimizes our energy). The optimizer then feeds the quantum part a new set of parameters to vary and improve the ansatz.
2. Iterate through the loop
We them iterate through this optimizer until we converge to the lowest energy state for the bond length.
�
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