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In early 20% century, basic theories are prepared for quantum dynamics calculation. However, it was impossible then to
execute the calculation because it requires large amount of calculation. After invention of electronic computer, it becames|
possible even for applicative purpose.

In chemistry, many methods are implemented such as Hattree-Fock post- Hartree-Fock methods, the Kohn-Sham equation
by Density Functional Theory based on the Roothaan equations that represent the Hartree-Fock equation which approximates
the Schrédinger equation with mean field approximation as a matrix form. It is not only for electronic state of ground state but

lalso ab initio geometry optimization using energy gradient by nuclear coordinates that becomes common to be used by

experimentalists who are not a specialist of theory.

- Nevertheless, using traditional LCAO (Linear Combination of Atomic Orbitals) type basis functions, it is difficult to solve
large eigenvalue problem needed for a calculation of large molecular system or to estimate response properties quantitatively.

MADNESS is a scientific calculation library that targets massively parallel computing and using MRMW (Multi-Resolution|

Multi-Wavelet) basis that is constructed based on Discrete Wavelet Transform technique. Just enough number of MRMW basis
functions are spread over 3D bounding box to represent target function. It is guaranteed that a function represented with the
MRMW basis is close to the target function within a given threshold.
Basic operations for 3D real/complex-valued functions are unplemenbed and Hartree-Fock and DFT using LDA (Local
Density Approximation) functionalities are also implemented. During its execution, MRMW basis coefficients are transformed,
and MRMW basis functions are deleted or spawned as necessary by function operations automatlcally MRMW basis functions|
are spawned depending not on nuclear geometries but on the shape of target function.
MADNESS solves the SCF problem using a Green’s function for the Bound State Helmholtz equation. Molecular orbitals are
solved as a set of orbitals under Hartree-Fock/DFT potentials generated by other electrons one by one. Therefore, there are no|
need to solve eigenvalue problem. Orbital updating procedure spends only O(N). If using LDA-DFT, all of calculations are done|
in O(N). To say fairly, transformation of MRMW coefficients tree consumes O(log M) which comes from target function|
complexity. Total calculation cost in order is still O(N log M) < O(Nz) << O(N4. Multi-wavelet has shallower tree than
Single:-wavelet, so M is usually small.
MADNESS is written in C++ so that developers write applications like mathematlcal formulas, without need to concern
about parallel techniques over MADNESS libraries.
In this study, we implement existing techniques used for calculations of traditional quantum chemistry to MADNESS to|.
show capabilities to apply them to 3D orthogonal basis despite of LCAO dependencies of the techniques.
First, we implement a Model Core Potential which is one of pseudo-potentials. The pseudo-potential is a method commonly
used in LCAO basis to reduce amount of calculation by replacing inner shell electrons with local and non-local potentials. It is
also useful to calculate very heavy atoms which need relativistic treatment. Inner shell electrons of heavy atoms have very high|
velocity near the light speed but valence electrons move slowly. Hence we can calculate heavy atoms with non-relativistic
equations if inner shell electrons are replaced to potentials including the relativistic effects We find that MCP depends on basis|
set strongly and its consistency is easily broken by adding basis function even in LCAO fashion. We propose new method to fit
potential parameters to make MCP consistent in MRMW and confirm its accuracy.
Second, we implement a CPHF/KS (Coupled Perturbed Hartree-Fock/Kohn-Sham) method to MADNESS and compare|
results against LCAO basis using dynamic polarizability depends on frequency of the external field with resonance region of Ha.

'|Quantitative estimation of dynamic polarizability a in resonance region is hard because a can be represented by a equation with

denominator with a different between external field frequency minus excitation energy. Therefore a quickly diverges for the
frequency close to excitation energy. It is known that in LCAO basis, dynamic polarizability estimation requires diffuse type
function in basis set. MRMW basis can represent diffuse type function and a function far from nuclei. LCAO basis are designed|
for representing ground state orbitals. Response functions which are needed for calculate a can have different characteristics
against ground state.orbitals.

We confirm that it is difficult to select a basis set automatically even with the s1mplest molecule H: to calculate accurately]
using LCAO. In contrast, it is done automatically with the MRMW basis. MRMW always reproduce target function with
guaranteed accuracy even if we don’t have any information of target function in advance. LCAO basis sets, or any basis function|
sets which have specific function type, needs information of target function shape.

We discuss interchangeabilities of methods developed in LLCAO basis with the MRMW basis set and characteristics of both
basis sets through these implementations and calculations.




