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Quantum computing offers new possibilities in Quantum chemistry for calculating the electronic structure of a
molecule. Quantum computers, which utilize quantum mechanical principles for their computations, are generally
considered to be better suited for this task than classical hardware. On the other hand, quantum computers are
severely limited by their number of qubits and the number of operations they can perform with high fidelity. This
limits the number of degrees of freedom (i.e., orbitals) that can be considered in an electronic structure calculation
for a molecule on a quantum computer. For the foreseeable future, quantum computers alone are unlikely to be
able to handle problems involving molecules of realistic size. Practical problems in quantum chemistry require
quantum-classical hybrid algorithms that combine a quantum computer with a classical computer.

In this thesis, we address the issue of the limitation of orbital numbers for calculating the electronic structure of a
molecule using quantum computing in different ways.

One way we effectively increase the number of orbitals that can be considered is by using a divide-and-conquer
method. One particular algorithm that uses this method is the deep Variational Quantum Eigensolver (deep VQE).
This kind of method misses some correlation energies when recombining the divided systems. We examined
multiple methods to recombine the divided systems and compared them regarding accuracy and computational
requirements. Using our newly proposed strategies, the deep VQE algorithm can significantly reduce the number of
qubits required to calculate the electronic structure of a molecule. We were even able to showcase this advantage
by calculating the ground state energy of retinal, a molecule that plays an important role in the human retina.

Our second approach involves compensating for degrees of freedom that cannot be handled by the quantum
computer using classical post-processing techniques. A common strategy is to reduce the computational cost of an
electronic structure calculation of a molecule by using the active space approximation. In the active space
approximation method, only a molecule's most relevant orbitals and electrons are considered for the calculation.
Such an approach can produce inaccurate results due to the missing electron correlation from ignored orbitals and
electrons. We improved the active space approximation using a post-process correction method. We calculate the
active space accurately on a quantum computer and take consider the missing electron correlation in a follow-up
tailored coupled cluster calculation on a classical computer. We show that we successfully reintroduce the missing
electron correlation on multiple, molecules and use it to predict the activation energy of a chemical reaction.

The third approach we explore involves developing an Ansatz (wave function representation) that can be used
interchangeably between quantum and classical computers. Coupled Cluster (CC) theory is a highly effective
framework in computational chemistry to calculate electronic structures. The CC method is not variational, and it
can fail to predict the electronic structures of molecules with strongly correlated electrons. A variational variant of
the CC methods (VCC) prevents this failure. However, on a classical computer VCC requires an exponential
computational cost, making VCC calculations virtually impossible for most molecules. We propose a method for
applying an approximated version of the VCC that scales polynomials in system size on a quantum computer, and
allows us to represent an approximation of the VCC wave function. The parameters can be optimized in a quantum-
classical hybrid approach. The relationship between VCC and CC allows for a classical approximation of the VCC
parameters, resulting in fast convergence on the quantum computer and, in addition, the efficient extraction of
information about the quantum state. We show that the approximated version of the VCC on the quantum computer
produces results that are in good agreement with the conventional VCC algorithm.

We show three different approaches how quantum classical hybrid algorithms using a resource-limited quantum
computer can be used for accurate quantum chemistry calculations.
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