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Many contemporary problems in theoretical atomic, molecular, and optical physics involve
the solution of the time-dependent Schrodinger equation describing the dynamics of a many-body
system interacting with external time-dependent fields. In order to perform meaningful simulations
and analysis of the time-dependent results, it is important to accurately take into account the
energy eigenstates of the atomic or molecular system on a spatial grid, within the constraints
provided by the time-dependent simulation. To this end, efficient numerical methods of obtaining
solutions of ground and excited bound states using the time independent Schrédinger equation are
needed. In this thesis we analyze various algorithms based on iterative methods, including the
popular imaginary time propagation method, and compare the numerical performance to that of
an implicitly restarted Arnoldi algorithm. The analysis includes a comparison of different order
finite difference schemes and applications of the methods to the hydrogen atom and several single-
active-electron potentials. Our results reveal a superior efficiency of the Arnoldi method within the
limits given by the time-dependent simulations with respect to computation time, accuracy, as well

as the number of resolved eigenstates.
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Chapter 1

Introduction

1.1 Overview and notation

Performing numerical simulation of quantum mechanical particles is still a developing process,
and simulations with more than two particles are still nearly impossible. One of the challenges in
this process is finding the initial states (the starting point) to begin the simulation. The simulations
are the solutions for the time dependent Schrodinger equation (TDSE)

0

HY(F,t) = ih o (1), (1.1)

where (7, t) denotes the time dependent wavefunction, A is the reduced Planck constant, the
Hamiltonian operator is denoted by H, and i is the imaginary unit number ¢ = /—1.

In this thesis, we will mainly present solutions to the time independent Schrodinger equation

(TISE)

Hy(r) = Ey(7) (1.2)

The time independent wavefunction is denoted by ¢, E is the energy, and 7 is a vector containing
all coordinates involved such that 7= (71, 79,...). The time independent wavefunctions are called
stationary states, and they provide initial states for time propagation in numerical experiments.
We also call E an eigenvalue of H, and 9 (7) the eigenvector of H. In general, for a square matrix

A we call A the eigenvalue and v the eigenvector of the matrix A if they satisfy Av = Av.



The Hamiltonian contains the kinetic energy term 7" and a potential term V| given by:

h2

_ Py _
2m

H(rt) =T(F)+ V(7,t) S

+ V(7,1 Vi4 V(7 t) (1.3)

where ' is the momentum operator, m is the mass of the particle, V2 is the Laplacian operator,
and V is a potential that depends on which system we are describing. Some methods that we will
analyze are used to solve the time independent Schrédinger equation directly. However, there
are also common methods based on the time dependent Schrédinger equation that we will
compare our results with.

A common Hamiltonian operator for systems we will work with contains the kinetic energy
and Coulombic potential. For example, a single electron in a hydrogen atom has the kinetic energy

term and a Coulomb potential due to the single proton in the nucleus;

7P n? e?
H=——4+U = — Ve —
2m coulomb 2m, 4eg|T]

(1.4)

where e is the electron charge, m. is the mass of the electron, ¢y is the vacuum permittivity constant,
and 7 is the distance from the nucleus. In this thesis, we use Hartree atomic units, which are given

by

h=me=e=4meg=1. (1.5)

Therefore, Equation ((1.4) together with the TDSE is simplified to

< - %v2 - |71:1> V(7 t) = iaat‘lf(ﬁ t) (1.6)

As mentioned, Equation ([1.6)) describes the hydrogen atom in a vacuum and has an analytical
solution. In later Chapters we will present numerical solutions for the hydrogen atom, hydrogen

like-atoms, and other potentials that do not have an analytical solution.

As stated, we will look in particular at stationary states that are the solutions of the TISE

(1.2)). These solutions exist if the Hamiltonian is time independent. In this case we can use



separation of variable techniques to find ¥(x,t) = ¢(z)¢(t), where () is the time independent
solution and ¢(t) provides the time dependence. Using the separated wavefunction we can separate

the time dependent Schrédinger equation (1.1]) into two equations

Time dependent: E¢ = zaa—f — ¢ =eF (1.7)
Time independent: Hy = E;) (1.8)

Consequently, the time independent solutions ¢ (x) are called stationary states since they do
not change over time.

At first, it may seem easy to solve these equations, but the major challenge arises from
the size of the system we are trying to solve and not the complexity of the equations. For example,
a system with 2 electrons and 3 spatial dimensions each will need about n% points to describe the
wavefunction, where n is the number of points along each dimension. Typically, we pick n &~ 1000
and so the Hamiltonian will need to be a 10 x 10'® square matrix. Solving such a problem is a
challenge even for strong super computers today. This issue will be discussed later in the Chapter

and how we approach it.

The Bra-Ket notation

This thesis uses notations common in both Applied Mathematics and Physics. The Bra-Ket nota-
tion is common in quantum mechanics and is a short notation for certain linear algebra operators.
The "Ket” (1.9)) is simply a column vector in discrete space, or a continuous function on the

continuum space.

) = (1.9)

The ”bra” ([1.10)) is the integral over all space of the complex conjugate denoted by f

(W] = /w*df (1.10)

For discrete spaces, it is the conjugate (denoted by *) of a row vector, such that



o(1)
Wil) = | w1y . wn)*} =3 ) (1.11)
. =1

Pa(n)

1.2 Mathematical methods

In general, for many problems, and in particular for most potentials, there is no known
analytical solution to the TDSE ((1.1)), therefore we use variety of numerical approximations that
allow us to solve it for a discretized representation on the computer.

1.2.1 Time evolution

If Hamiltonian is time independent: Using quantum mechanics formulation (Schrodinger

picture) , the quantum state W evolves in time while the other operators (observables) are stationary.

Then we can assume

[W(7, 1)) = U(t, o) | (7, o)) (1.12)

where U(t,tp) is the time evolution operator from ¢y to time ¢.

If the Hamiltonian of the system does not vary in time then the time evolution operator has

the form of

Ut to) = e Ht) = 1HAL (1.13)

Note that the time evolution operator is unitary, i.e. UUT = 1, otherwise it would lead to a

change of the norm of the wavefunction over time.

At this point, we could Taylor expand and take few terms of the expansion depending on the
accuracy we want to calculate. However, in this approximations the operator is no longer unitary.

For a more general way that keeps the operator unitary lets consider a time step At, such that



(7t + At) = e HA (7, 1) . (1.14)

Applying the time evolution a second time

U(7t + 20t) = e HAL—iHAL (7 4) (1.15)

iHAL

and dividing by e & , we get

A (7, ¢ 4 2At) = e HALY(F, 1) . (1.16)

Using a Taylor expansion up to linear term (first order) yields

<1+z’Atﬁ>\I}(F,t+2At) - (1 —z’Atﬁ)\I/(F,t) . Order: O((At)?). (1.17)

In order to analyze the error in the time propagation we rearrange (1.17) as

(1 — iAtH + O(Aﬂ))

U(F,t + 2At) = U(F, t) (1.18)

(1 +iAtH + O(At2)>

Assuming At is small, and hence using H% =1—a+a?+. for |z| <1, we get

(1 —iAtH + O(At2)>

(1 Cn e sz)) ~ (1 —iAtH + O(At2)) <1 —iAtH — O(At2)> =1-2iAtH+0 ((At)2>

(1.19)

which shows that the error is indeed second order in time, in agreement with our approach that we

used namely, the Taylor expansion of e~ B Thus,

(7, t 4 2At) = (1 — 2AtH)U(7,t) + O ((At)2> (1.20)



By replacing 2At by At we get the Cayley form which is second order in time.

) _ At f
e—iHAtN1 i H

T 14+idtA

(1.21)

In our numerical simulations we use the expansion in the following form (1.22) to propagate

the wavefunction in time

<1 + z’étﬁ)xp(m + At) = (1 - ’LAQtH) (7, t) (1.22)

Note, that it is still a valid time propagator since the operator remains unitary
1— i8N (1— i AN\T /1 -4t /14 i4ta 1+ 2811
At 7 Atgr ) T At 7 as ) =\ ez ) =1 (1.23)
1+i8PH /) \1+i§tH 1+i5'H/\1—i5 H* 1+ 2 |HP?

If Hamiltonian is time dependent: When there is a time-dependent term in the Hamil-

tonian, e.g describing the oscillating electric field of a laser pulse, the time evolution operator is

given by

. rt
ot fto H(t")dt'

Ult,to) = (1.24)

In our simulations we approximate the operator for a small time step, during which the

Hamiltonian is assumed to be constant and so

Ult, ty) ~ e iHA (1.25)

To justify this approximation, we consider a Taylor expansion around ¢

H')=H{t)+ H )t —t)+0 ((t - t’)2) (1.26)

Truncating the series up to a linear term we get

t H(t)dt ~ t H(t)+ H'(t)(t — t')dt' = H(t) /t dt' + H'(t) /t(t —th)at' (1.27)

to to to to

t

(t—t)? H'(t)

. = H(t)At +

to

(At)? (1.28)

= H(t)At —i—H’(t)[—




Since our methods are second order in time we use the first term

t H(t"dt' = H(t)At + O <(At)2> (1.29)

to

and hence

. rt / ! -7
Ult, tg) = e oo HE  o—ilAL (1.30)

1.2.2 Split operator method

In order to solve for large systems, we consider to split the problem into several smaller ones.
However, this may not be exact and we need to carefully analyze the error of such method. As

shown in section ([1.2.1]), for a small time step we approximate

(7t + At) ~ e A (7, 1) (1.31)

Splitting the Hamiltonian into its spatial components

H(7,t) = Hy(F,t) + Hy(F,t) + H.(7,1) (1.32)

we approximate the time propagator as

_iH _iHAt s At _spg _iH At _ipg At
e 1HAt%e 1H,T2 e 1Hy2 e 1H2At€ iH, 2 e 1HI2 (133)

To show that this expansion is third order in time, we will use the Baker-Campbell-Hausdorff

formula

log(e®e?) = & + G+ =[2,9] + .. (1.34)

where = and ¢ are non—commutative operators. By rearranging we get



B0 — plog(e®ed)—lagl—. _ (& 0580 _ (1.35)

s 1 1 1 1

e = (14+2+ 5:%2)(1 + 9+ 53)2)(1 — S ShE )+ (1.36)
244 IS DU SN 3
e :1+x+y+§xy+§yx+0(m/y) (1.37)

We can now obtain e?efe? by collecting the relevant terms and get

s 1 1 1 1
= (14 59+ 1122 + ) +a+ 22+ )1+ g+ 13}2 +.)+0(z/y)? (1.38)

—_

[\
[\

Note that all the low order terms are part of ezefes expansion. Now it is possible to collapse

back the series including higher order terms and be left with the extra error terms:
¢ = ezcte 4+ O(x/y)? (1.39)
From ([1.39)) it is directly seen that the approximation ((1.33)) is third order in time as stated.

For problems in strong-field physics, there is an additional assumption that is usually made,

namely that the Coulombic potential can be split evenly along the components such that:

L Py Pr 1
Hx(ra t) = 932m$c + choulomb
N . p_é . p_z; 1
Hy(ﬁ t) = m + choulomb
(= 1252
Hz(’l”, t) = "=+ =Ucouloms

2m 3

which is in general not true since the Coulomb potential depends on all three coordinates for each
particle Uecoutomp (71,73, .., 77,). However, this additional assumption has shown to give accurate

approximative results that will be analyzed in later Chapters.



1.2.3 Finite difference technique

The most common way to discretize a partial differential equation is using finite difference
methods [§]. It follows directly from truncating the Taylor expansion with fixed grid spacing as
will be shown below. We will denote the time by upper case with parenthesis and space by lower
case such that \Ilv("t-i)-l = U(r + h,t). Note that we use fixed grid spacing h, and r is just an integer
that serves as an index for a general point on the grid. For example; if we want to represent the
interval (—1,1) along the x-axis with a fixed step h=0.1, we have (170(%1)) + 1 = 21 points. So

\Ifgt) =U(x = —1,t),\I/;t1) =U(x =1,t) and M = U(z=—1+h(r—1),t) where 1 <r < 21.

To derive an approximation for derivatives on a discrete space we apply Taylor expansion for

the forward step \Ilit_)H = U(r + h,t) and the backward step \Ilgt_)l = U(r — h,t) such that

h2
wl), = v+ he' + e 1 o) (1.40)
0 h?
v = v — hw'? 4 g‘lﬂgﬂt) +O(h?) (1.41)

Solving for ¥’ ) in each expansion and ignoring terms with order O(h?) and above we get

® _ g
o) = ‘I’Hh_‘I’ L O or W =

® _ g
gl — g™
T” +O(h) (1.42)

which has error of order O(h). We can improve this approximation by subtracting the two and get

the central difference approximation for the first derivative, which is second order accurate.

(*) (t
v -
')~ % + O(h?) (1.43)

Also, we can add them to get the second derivative central difference, which is second order accurate

+2ul) — g,
hQ

t
p () — _\I](J)rl

+ O(h?) (1.44)
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Using this approximation together with the time evolution we get the Crank Nicolson method
[5] that has quadratic errors both in time and space. The Crank Nicolson method is very fast and
easy to set up. However, it has some disadvantages that led to the investigation of different
approaches like working in a more complex coordinate system or finite element methods.

Main disadvantages of Crank Nicolson method

e For Hermitian matrices (A" = A) the condition number is defined as

(1.45)

where A\pq2(A) is the largest eigenvalue of the matrix A, and A\pin(A) is the smallest
eigenvalue of the matrix A. The eigenvalues of the matrices we solve and their importance
in solving the Schrodinger equation will be discusses further in Chapter. [2]. In general,
when solving a linear system Ax = b the condition number is a measure of how much a
small deviation in b will effect the result . Which means it is a measure that a small
round-off error in b can have a small or large effect on the result . If A has high condition
number (ill conditioned matrix) it is not good for solving numerical problems. For atomic
systems, the energies which are also the eigenvalues scale typically as E,, ~ 7712 This will

cause that the corresponding matrices are usually ill conditioned as we increase the size of

our grids as shown in Figure 1.1
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number of grid points

Figure 1.1: Condition number of the Hydrogen Hamiltonian in cylindrical coordinate system. The
number of grid points is equal along both radial axis and the z axis while the grid spacing is 0.1

and 0.2 respectively.

e Integrating linearly between the points with uniform grid spacing, the errors cannot get
better than O(h?) for integration without any further information on the derivative of the

wavefunction. This follows directly from the Fuler—-Maclaurin formula

fO fn h72 ’ ’ h4 " "

T= [ pwyde = it fa 54 U )~ g £ ¢ (140

Integration is typically used in many strong—field problems since every calculation typi-
cally involves normalization process or the determination of an expectation value, both

operations are executed by using an integral.

In this thesis we also use higher order finite difference schemes, these schemes are simply
derived by using more points so we can cancel higher order terms. For example, two steps forward

is given by
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2 3
(2;) \If”g) + (2;)\11”?) +O(hY) (1.47)

o), =0+ 2n)w® +

Similarly, we can have n forward or backward steps expanded in a similar manner. Then, to derive

central difference formula with fourth order accuracy we use five points and get the coefficients to

be.

(®) 4 (8 ) | 4ag® (t)
\Illlgt) — _1712@7"72 + §\IJT‘71 B %‘117" + §\I’r+1 — %‘IlrJrQ + O(h4) (1.48)

Similarly, we can get higher order schemes for the first derivative term.

In most of the simulations presented in this thesis we use cylindrical coordinates and need
a special treatment when the radial coordinate is zero (p = 0). If the wavefunction derivative
at p = 0 would be smooth, then we could use symmetry condition such p(z) = p(—x). But
we know that the radial wavefunctions behave approximately like =~ e™" for r > 0, leading to a
discontinuous derivative at p = 0. Evidently, avoiding the symmetry condition as the boundary
condition improves our results, in particular we used forward difference to solve this issue. For
example, the second derivative forward difference is given by
20" — 50" + 49", — vl

\Ijllg.t) — r—+1 h2 r+2 r+3 + O(h2) (149)

In this way we can achieve better approximation for the derivative and avoid the discontinuity. A

quick algorithm to find the coefficients to approximate derivative terms along n nodes is given in

[6].

1.2.4 Multi-dimensional systems

For a simple quantum problem in one dimension it is straight—forward to see that for k grid
points along this dimension, the wavefunction ¥ is a (k x 1) vector and the Hamiltonian is (k x k)
matrix. In general, if we have n particles and m dimensions the wavefunction will be represented

by
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(7, oy ey ) = VO (P, Ty ooy ) @ W (FL Ty oy ) @ o @ M (FL, Ty oo 7o) (1.50)

where ® denotes a tensor product, and the upper case index denotes a particle index . Each

function 1 is represented by

SO, 7y oy i) = P (L, s o ) @ O (7L 7, o ) @ oo @ D (71, 7, oo ) (1.51)

where the lower case number denotes the spatial dimension. For example, in Cartesian coordinate

system the lower cases are 1 = 2,2 =y,3 = 2.

Let us exemplify the notation by considering two 1D wavefunctions ) and 9@ with sizes

(mx1) (nx1)
m and n respectively, in a potential V (7, 73). The joint wavefunction is ( v N =) @),
mn X
Thus, the 1D wavefunctions are given by
P (1) Y (1)
»1(2) ¥ (2)
»D = ' @ =1 (1.52)
) (m) ¥ (n)

and the joint wavefunction is represented by
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(1)
$@(2)
(1)
_w(”(n)_
(1)
- - (2)(2
¢(1)(1)¢(2) VR
W (2)1?) P (2)
U= ' = _ (1.53)
3 ()|
¢(1)(m)¢(2)
()]
¥ (2)
M (m)
I [0 (n)] |
The Hamiltonian of this system is given by
2 2
7 pM o @ 4 10 e p® 4y )~ L2 ) L9 -
H=PY I'¥VV+1IV @ P +V(i,7) 2<87~1> 2((%2 + V(7#,75) (1.54)

where ) is the identity matrix with the size of the kth wavefunction.
To represent the system on a computer as matrices we use the finite difference methods,

discussed above. For example PU) is given by

2y W () — D
p(l):<8(21> _ WG =1 +290() (i + 1) (1.55)

(h)2



where h(Vis the grid spacing for (V). To write it as a matrix we denote dV) = —2_

-1
(h)2
[J07@ L,
wD1@ 1) 2
0
P(l) ® ](2) —
(mzm)  (nzn)
0
i 0 0
[ p(2)
0
0
M g p? =
0
i 0
[V ). ra() 0
0 V(ri(1),r2(2))
0
VW, z?)) =

0
WD)

o
o

0 V(r1(1),r2(n))

Thus, the Hamiltonian will be of the form

WD 1)

0

0

The Hamiltonian H can be written as sum of 3 matrices

FONe)
0N

0

P2

z(2)

0

V(r1(2), r2(1))

0

0 0
0
w12 0
dD 12
IEN (CINW(CV) (6))
0 0
0
0
0 Pf@_
0 0

o -

0 V(ri(m),r2(n))

oY)

(1.56)

(1.57)

(1.58)
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D UDay 0 0 UD; 0 0
UD; D UDy 0 0 UD1 0
0 UDs 0 0 o0 o
UD2 0 0
0 UDo D UDs 0 UD; 0
L o 0 UDy D | L o 0 UD
[uD; 0 0] [ D up, 0 0 ]
H= o UD 0 . . : UD. D UDy 0 : : (1.59)
0 0 UDs
00 0
0 UD> 0
0 UDi 0 0 UDy D UDy
| o 0 UD L o 0 UDy D |
0 0
0 0
I 0 0 0 ]
where D = (h(%))Q + (h(i))Q +V,UD; = ﬁ , UDy = ﬁ As seen above it consists of a main

diagonal and 4 off diagonals. In general, the number of off diagonal terms will be twice the amount

of dimensions we consider in the calculation (upper and lower for each dimension).

Using this notation we can easily see why solving the time dependent or independent
Schrédinger equation in multiple dimensions is computationally demanding. Consider a simulation
with & points along each dimension for each wave function, the size of ¥ will be (™" x 1). For
example, lets describe a three particle system with 100 points along each dimension. The represen-
tation of the wavefunction will consist of 100° data points. Thus, storage of this information as a
simple array of real doubles will take ~ 8 x 10° GB. Regardless of that, in this thesis we use these
methods for small enough systems as one particle with two spatial dimension and two particles

with one spatial dimension each.

The CRS format

The Hamiltonian matrices are always very sparse, to store them one uses the CRS format

(compressed row storage). In this method one stores only the non—zero values and their locations.
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The format is using three vectors, namely

val - a vector that contains all the non zeros values

col - a vector that contains the column index of each value

row_index - a vector that indicates you how many non zeros are in each row

For example, the matrix

900 01

2 000O0

is stored as (using C++ indexing starting from zero)

val =1[2,4,1,5,3,6,3,9,1,2]

col =[1,3,0,4,1,2,3,0,4,0]
row_index = [0,2,4,7,9,10]

A way to read the above is: stay on row 0 until you hit the second non value in wval, then
switch to row 1 until you get to the fourth value of val and so on. When you reach the 10th value
switch to row 4 which does not exist, then you know you scanned through all the non zeros of the

matrix.

1.2.5 Orthogonalization

A necessary procedure for some of the calculations in strong-field and atomic physics is
orthogonalization. Since all the eigenvectors of Hermitian matrices are orthogonal to each other,
we can use this property to find more eigenvalues by enforcing orthogonalization as shown in

Chapter The orthogonalization property can also be used as measure of the accurateness of
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our calculations for the eigenstates. The methods Gram Schmidt (GS), Modified Gram Schmidt
(MGS) and Double Modified Gram Schmidt (DMGS) have been explored, having in mind that we

want to balance between minimizing the numerical error and the computational cost.

e Gram Schmidt

For a given set of vectors {v1, .., v, } the Gram-Schmidt method can be written as:

Uyl = U1 (1.60)
k-1
Up = v — Zprojuj (vg) (1.61)
3=0
where
: (v, u)
proju(v) = (u u>u (1.62)

If one is interested in an orthonormal set, one can normalize the set after calculation of each

uy, or in the end.

Theoretically, the operation

u (1.63)

leads to othogonalizaion of v and u. However, numerically on the computer we expect a round off

error € such that

(v,u)y = (v,u) — (u,uy =€ (1.64)

Thus, for orthogonality of the first and the last vectors of the set, we expect:

n—1

(ur,u) = en (1.65)

k=1

In general, the Gram Schmidt method is therefore not used in practice and a more common

way to orthogonalize vectors is the Modified Gram Schmidt technique.

e Modified Gram Schmidt
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To avoid the accumulation of round off errors included in the Gram Schmidt method, a slight
modification can be done which is called the Modified Gram Schmidt (MGS) technique. To this end,
one overwrites uy each time, such that each vy is orthogonalized with respect to u; (i =1,..,k —1)
(k=1)

instead of the original v; vectors. Let the upper script denote the iteration number such that u,

is the final version of u, and we get:

(1) _

Uy = Vg — Proju, (vi) (1.66)
“l(f) = u](fl) — Proju,_, (u,(gl)) (1.67)
u](ffl) = u,(fﬂ) — Proju, (u](i,kd)) (1.68)

This way, we orthogonalize the k-th vector with respect to all k — 1 existing ones, wu;,? =

1,..,k — 1 vectors, and avoid the addition of round off errors

e Double Modified Gram Schmidt

Another common method is known as the Double Modified Gram Schmidt [2] (DMGS) which
is simply using both methods GS and MSG one after the other. This means, if one uses GS to
create an orthonormal set V', applying MSG on the set V' will avoid doing the whole process on
an non-orthonormalized set. As can be seen in table MGS can fail as well for high condition

number matrices while DMGS preforms well.
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p(A)| GS | MSG | DMSG

102 | 1.99 | 5.88E-14 | 4.25E-15

103 | 2.01 | 5.67E-13 | 3.60E-15

10* | 2.01 | 5.69E-12 | 3.34E-15

10° | 2.01 | 5.69E-11 | 3.33E-15

10 | 2.01 | 5.73E-10 | 3.48E-15

107 | 2.01 | 5.94E-09 | 3.57E-15

108 | 2.01 | 6.11E-08 | 3.76E-15

109 | 2.01 | 5.70E-07 | 3.91E-15

1010 | 2.02 | 5.81E-06 | 3.31E-15

Table 1.1: Comparing errors for the different orthogonalization methods for a fixed (1000 x 1000)

size matrix

e Computational results

For our calculations we use MGS and not DMGS. To support that the MGS is sufficient,
both methods have been tested for several cases. A matrix condition number in Euclidean space is

defined by

. Hamaﬂc(A)H2
A = rin( )]z

where o; is called a singular value of matrix A. It is defined to be the square root of an eigenvalue of

(1.69)

the matrix ATA. For purpose of testing, we construct a high condition number matrix by creating
a diagonal matrix and using a unitary transformation (recall that a unitary transformation will
not change the condition number). As part of our tests, we defined diagonal matrices with values
that are linearly spaced between 1 and k~!, where k is the desired condition number of the matrix

A = Diag(1,..,k~1). For example: if k = 10? then p(A) = 101,9 = 10°. Using randomize unitary

matrix generator we perform the unitary transformation V = BAC!, where B and C are unitary
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matrices (BB = I and CTC = I). All three algorithms above where performed on the columns of
V' to create a subset Q C R™ , which consists of orthonormal vectors based on V. The error of the

method is represented by ||I — QTQ||2 in the tables. If Q would be truly an orthonormal set then
I -QQll2=0.

Why MGS is sufficient? As seen in table MGS fails for high condition number
matrices when we need to orthogonalize the whole set. However, in our problems we look for at
most 50 eigenvectors out of ~ 10% which is less than 1% of the whole set. Running several tests
on the algorithms using small (about 200) random subset of the vectors, it seemed to be sufficient
to use MGS method as shown in table In general, the error using MGS was the same as
compared to DMSG up to 50% of the whole set, and that is definitely more than sufficient for our
kind of problems. To support the results of table the test ran hundreds of times with a different

random subset of vectors each time and yield the same results.

p(A) GS MSG DMSG
10° | 0.129411887 | 2.23E-15 | 2.22E-15
10* | 0.136876775 | 1.53E-15 | 1.46E-15
10% | 0.171929674 | 1.12E-15 | 1.11E-15
10% | 0.138433878 | 1.79E-15 | 1.89E-15
1010 | 0.143160406 | 1.80E-15 | 1.78E-15

Table 1.2: Comparing error for the different orthogonalization methods for a fixed (1000 x 1000)
size matrix and orthogonalize random 10% of the matrix vectors



Chapter 2

Imaginary Time Propagation

In this Chapter we will provide an analysis for a popular method used in numerical sim-
ulations of time-dependent Schrédinger equation called the Imaginary Time Propagation (ITP).
First, we will give an overview and motivate the method, then proceed with a more rigorous anal-
ysis. First, we will introduce iterative techniques called ” Power Methods” so that we can use them
to demonstrate how ITP works. Finally, we will provide some numerical results to compare the

method with similar techniques.

Recall from Chapter the time propagation equation is given by:

At ~ At -
<1+i2H>\I’(F,t+At) = (1—@'2H>\11(F,t). (2.1)
The Imaginary Time Propagation method simply calls to use At = —i7 , 7 € R in the time
propagation Equation 1) and then to normalize the wave function V(7 ¢t + At) = %

for each time step. Equation (2.1]) is a discretized version of the time propagation operator as
demonstrated in Chapter [1.2.1] To motivate the Imaginary Time Propagation method we will first

show why it works using continuous quantum operators.

2.1 The general idea

Recall that for the time-independent potential, we can separate the Schrédinger equation and

the wavefunction into time dependent and time independent parts:
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time dependent: E¢ = ihg—f — =Pt (2.2)

time independent: Hi; = Eji; (2.3)

where the total wavefunction is separated into a product of independent variable functions

U(z,t) = ¢(x)o(t) (2.4)

The time independent solutions 1 (x) are called stationary states since they do not change
over time. There are two types of stationary states, bound states and continuum states. Bound
states are bounded by the attractive Coulomb potential from the nucleus (the energy of the electron
in this state is less than the potential).

In general, for large distances an attractive Coulomb potential scales inversely over distance
such that

1
‘/;oulomb(r) ~ _; (25)

Note that the distance r is always positive, therefore the potential is bounded by zero as r goes
to infinity, which means all bound states have energy less than zero. Continuum states are not
bounded by the attractive potential and have positive energy. The least energetic bound state we

denote by 1y and call it the ground state. It solves the TISE ({2.3]) such that

H1o = Eoto - (2.6)

Hence, Ej is the most negative energy and mathematically the most negative eigenvalue. Any ex-
cited states (bound states with higher energy than the ground state) are also obeying the eigenvalue-

eigenvector Equation (2.7). We denote an eigenpair of a bound state 1; and energy FE; by (¢, F;)

Hy = Ev; (2.7)
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Any quantum state can be expressed as a linear combination of its stationary states and their

associated time dependent parts

[e.e]

00
\I’(F, At) = Z Ci’gbie_ZEiAt + /0 Cﬂ,Z)Z'G_ZEiAtdEi y (28)
=0

where ¢; is a time dependent coefficient and ¢; is the time dependent wavefunction from

equation (|1.7)). If we use negative imaginary time At = —i7, then Equation ({2.8) becomes

& 00
U(F AL = —it) =Y e BT+ / civie PiTdE; (2.9)
i=0 0
Since all continuum states have positive energy, for large 7 their contributions will vanish.
As for the bound states, the energies are negative and the ground state energy is the most negative
of them. Then, for large 7 only the ground state contribution with the largest exponential term

will dominate

lim W(7, At = —it) & lim ge P07 . (2.10)

T—00 T—00

Once this state is normalized we get the ground state

. U(F, At = —iT)
lim = -
ST, A= i)l

= 1o (2.11)

The method will converge to the most negative energy state. On the computer however we
are not using e~ Zi2* but the approximation given by Equation (2.1). To provide analysis how the
wave function evolves using imaginary time propagation on the computer we first introduce simpler

iterative techniques called Power Methods.

2.2 Iterative Methods

2.2.1 Power Iteration

One of the most fundamental iterative techniques to find the largest eigenvalue of a square

matrix is the power method, in which the matrix is applied multiple times on a vector. By normal-
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izing the vector, the method converges to the eigenvector with the largest eigenvalue. First, recall

that for a square (n x n) matrix A an eigenvalue A and an eigenvector v are given by

Av = )v (2.12)

Lets consider a (n x n) full rank matrix A with eigenpairs (\;,v;), i = 1,...,n. Then any vector

x € R™ can be expressed as

n

x = Z Civ; . (2.13)

=1

Multiplying the matrix several times on the vector z, we get

AFgy = Z ciFu; . (2.14)
=1

In order to guarantee that the power method will converge to an unique eigenvector, we need

to assume that there exist a eigenvalue that is larger than all the other eigenvalues in magnitude
‘)\1‘ > ‘)\2‘ > ‘)\3‘ > .2 |An’ .

Using this assumption we can factor out the largest eigenvalue and see that for large enough & all

the rationals will converge to zero

Ak __\k )‘2 g >\n g k
T = A |c1v1 + c2 N vo+..+ecp N Up| R CcIAJU] . (2.15)

By normalizing A¥z we get the normalized eigenvector corresponding to the largest eigenvalue:

Akg
~ 2.16
v | Ak x| (2.16)
To get the eigenvalue we use Rayleigh quotient
A
A = o dn) (2.17)

(v1,v1)
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Algorithm 1 Power Method

1. procedure POWERMETHOD(A,x)
2 for k=1,2,... do

3: T <+ Ax

5 end

This method can be implemented on the computer via a general algorithm (see algorithm.

Convergence:

To determine how fast the method will converge, we identify the slowest decaying term of the series

from Equation (2.15)) as % Clearly, the closer to zero the term is, the faster the method will

converge. To define a convergence rate, consider the sequence (1), (2, 2(3) . We say the sequence
converges to a value = in order p, if there exist a constant C' > 0 such that
‘ pn+1) _ x‘

A e e (2.18)

where C' is called the proportionality constant. For p = 1, the method in linearly convergent, if
C € (0,1), and C is called the rate of convergence. To analyze convergence rates for the power
method, consider the sequence (M), 22, 23)_ . where

Ax(™)

(n+1) _
x A (2.19)

Using Equation (2.15) we get

k) , (2.20)

where O(z) = Cz | C € R . Applying Equation (2.20) in the definition of convergences (2.18)) we

get

|x(n+1) _ 'U1| B Ao

Y

nh—{go ’;U(n) — Ul‘

(2.21)
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This tells us that the power method will converge linearly (p = 1) to v; with a rate of convergence

Possible issues: If the vector x is orthogonal to v; then ¢; = 0 and the method will not

converge to v; but to vo. In general, choosing a “good” initial guess will always help the method
the converge faster.

Applying the power method to the physical system: The power method can be applied to

the TISE describing an atom or a molecule, since |Ey| > |E1| > |Es|... are eigenvalues of the
Hamiltonian. However, since continuum states have energy in magnitude, a slight modification
should be introduced to make the method converge to a desired eigenvalue. This method is called

the inverse shifted power iteration.

2.2.2 Inverse Shifted Power Iteration

To explain how the inverse shifted power iteration method works let us first consider how an
inverse power method works. If the matrix A is invertible, such that A~! exist and A=A =T |
then we can perform an inverse iteration and the matrix inverse will obey the following eigenvalue

equation

1
Av; = \v; — A"y, = i (2.22)

i
By following similar approach to the power method, we can expand the vector x using the

basis vectors {v;|i = 1,..,n} and factoring out the largest eigenvalue to get the following

1

N )\n k >\n k 1
Ay = — |:C1’U1 <)\1> + c2 ()\2> v + ..+ Cn'Un:| ~ Aikcnvn . (223)

Note that the eigenvalues of A~ obey <>\1n> > (/\nl_1> > .2 </\11> and therefore, the method

will converge to vy, the associated eigenvector with the largest eigenvalue of A~!. In practice, we

do not compute the inverse of a matrix but solve the linear system to a desired precision.
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If we present a shift o to the matrix A such that
(A= Ta)v; = Av; — Tav; = \jw; — Taw; = (A — La)y; (2.24)

then for power iteration the method will converge to the eigenvalue farthest away from o
which is not really useful. On the other hand, performing the shift with the inverse power iteration
will converge to the eigenvalue closest to the shift, which provide a powerful way to look selectively
for a specific eigenvalue.

Similarly to the power method, as shown in [II] the convergence of the inverse power method

follows a linear rate of

]zt — gy An — @
lim =
n—oo |m(n) — Ul‘

: (2.25)

/\nfl —

where ), is the closest eigenvalue to o and \,,—1 is the second closest.

Using the literature values for the energies, we apply the inverse power iteration to find
specific bound states. If literature values are not available, we exploit the fact that the only negative
eigenvalues will be bound states. If we attempt to converge to a large negative number, the method
will converge to the closest negative number next to it. Thus, as long as we choose a large enough

negative energy, the method will converge to the ground state.

Algorithm 2 Inverse Power Method

1. procedure INVERSEPOWERMETHOD(A x,«)
2: for k=1,2,... do

3: v+ (A—Ia) 'z

4: x <« x/||z||

5: end

2.2.3 Rayleigh Quotient Iteration

As can be seen from Equation (2.25)), the choice of o will influence the rate of convergence.
An adaptive approach for choosing a shift is usually preferred, since in every iteration we can make
use of the new knowledge about the ideal value. An interesting special case is to choose the Rayleigh

Quotient
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k k
A (0, ) (2.26)
CIORION
as the shift for each iteration, which gives cubical convergence when we get close enough to the

eigenvalue [14].

2.3 Analysis of Imaginary Time Propagation

The Imaginary Time Propagation (ITP) is an iterative algorithm (algorithm [3)), as the power
methods, however it is a bit more complex. To get an intuition, we can look at a single iteration

using the analysis of the power method. Recall the system we are solving on the computer is set as

(1 +z’A2tI§I>\II(f’,t+At) = (1 —z’AZtI:I>\I/(F,t). (2.27)

Using negative imaginary time we get

(1 + ;ﬁf)qf(f,t —ir) = <1 - ;ﬁ>wa ). (2.28)

To simplify the notation, let (7, ¢) be the right hand side such that

2(F,t) = <1 - ;ﬁ)wi = cn(l- %Am)wm. (2.29)
m=0

Then, one can interpret x(7,t) as a somewhat amplified vector of ¥ (7, t) by a single shifted power
iteration. Using the power method convergence analysis the right hand side vector « will converge

to 1) with the largest energy L; = maz(l — Z)\) with a rate of £2

5 I where Lo is corresponding to

the second largest value of (1 — §A). In general, the method will converge to the most negative
eigenvalue. Since 7 is small, $A <1 and we expect the convergence to be slow.

On the other hand, if we consider the left hand side for a fixed z(7,t) we get

(1 + ;H> U(F t —it) = 2(F, 1), (2.30)
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which will converge to 1 with the smallest energy S1 = min(1 + $\) with a rate of g—; where Sy
is corresponding to the second smallest value of (1 4 FA). In general, since 7 is small we have

TFEy < 1, and hence the ratio % is close to 1, which leads to slow convergence.

Possible issues: If 7 is chosen to be too large, it will cause the eigenvalue of %f[ to be smaller

than -1 and then the method will not converge to the ground state.

To find excited states the method requires to orthogonalize each iteration with respect to
lower states that are already obtained. Therefore, since Ef+1 < EE for bound states, convergence is
guaranteed but not necessarily fast. In fact, the demand for high accuracy with orthogonalization

using the Gram Schmidt method will not allow convergence after several states.

Disadvantage of Imaginary time propagation:

e No control over the state one will find. The only parameter one can change is 7, which
cannot be too large since it will cause stability issues for the Crank Nicholson method.
Also, it is hard to predict exactly what 7 one needs to scale H so that the method will

converge to the (-1) shift created by the time propagation equation <§H - (—1)).

e Converges to one state at the time. Unlike simultaneous iteration techniques (see Chapter

, the ITP method converges to one state at the time
e Slow convergence rates and numerical errors prevent to find many states with higher energy.

So why is it so common?

e The ITP is a working method that can be implemented with a minor change in the actual

time propagation (Equation (2.1))).

e In combination with the Split Operator method the size of the system can be reduced. For

2

example, a system of a size (n? x n?) can be reduced to n smaller (n x n) systems which

are faster to solve.
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Algorithm 3 Imaginary Time Propagation
1. procedure ITP(V, H At)

2: Eoq <\<II\I’II_{1,\I>’>
3 while error < 10716 do
4: b« <1 - igtﬁ)\p(a t)
5: A+ (1 + zAth> W (7, 1)
6: Psi <—< A_1>b
U HV
T E v.0)
8: error < abs(iE_g"’d)
9: Eoqg <+ FE
10: end
2.4 Comparison of results

To analyze the performance, we used an existing code for the ITP method to obtain excited
states and compared the results with those of the Inverse Shifted Power method. In both cases
we used the modified Gram Schmidt for orthogonalization. As a test case we used a 1D Helium

system (two electrons with one spatial dimension each), then the Hamiltonian is

R Lo 1/ 0\ 1/0\* 1 1 1
H:P(1)®I(2)+I(l)®P(2)+V(x1,$2):—2<8fl> _2<8fz> —@—@—Fm (2.31)

where P @ I is the kinetic energy of the first electron, IV @ P2 is the kinetic energy of the

second electron , and V' (¥, ¥2) is the electron-nucleus and electron-electron interactions.

For the test we used the same machine, a 80 x 80 atomic units grid with 0.1 a.u. grid
spacing in each dimension. The bound states are denoted by {E; ,i = 0,1,2, ..} such that Ey is the
ground state and has the most negative energy (|Eo| > |F1| > ..) . For the test, we used a fixed
shift for the Inverse Shifted Power Method (ISPM). Usually, we could change the shift to accelerate
convergence, but for this comparison we kept it fixed. Both methods converged correctly to the

first five bound states with energies given in atomic units (a.u) as shown below



Ey(a.u)

Ei(a.u)

Es(a.u)

Es(a.u) | Ey(a.u)
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—2.238 | —1.816

—1.705

—1.644

(2.32)
~1.629

However, the time used in the ITP was significantly longer as can be seen from data shown

in table (2.1)). While it takes a full hour and close to 3000 iterations for the ITP to converge to the

ground state, in the Inverse Shifted Power Method (ISPM) the same result is achieved in 6 seconds

and only 5 iterations. In general, the ITP is indeed incomparably slower.

ITP(hr) | steps | ISPM(min) | steps
EO 1.01 2864 0.09 )
El 6.68 26883 3.23 155
E2 10.89 | 23104 2.93 414
E3 9.51 45232 5.69 314
E4 16.92 19676 17.85 168

Table 2.1: Comparison of time and number of iterations (steps) taken for the Imaginary Time

Propagation (ITP) and the Inverse Shifted Power Method.

As can be seen from table (2.1)), for all 5 states together it took ISPM less than half of the

time that the ITP needs to obtain a single state. However, even the convergence rate of the ISPM

method decreases significantly after a few states. This is due to dense eigenvalues and orthogo-

nalization errors that can be avoided using an adaptive shift in the ISPM or via a whole different

method such as the Arnoldi iteration (Chapter [3)).

As mentioned, both methods are iterative power methods and their rate of convergence can

be predicted. To confirm the proposed analysis discussed earlier in the Chapter, we have analyzed

the error for each iteration. For the Imaginary Time Propagation, the theoretical convergence rate

for the ground state of the left hand side is given by
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S
Crrp.Lus = ’31‘ ~ 0.9768 , (2.33)
2
while for the right hand side it is given by
Loy
Crrp. rus = |—| ~ 0.9810. (2.34)

Both values are very close to the numerical result Crrp,, = 0.987. Overall, as shown in
table , the predictions for the convergence rate in the I'TP are not far for the numerical values.
For this given test, the ISPM was far off theory and, in particular, faster than predicted for the
lower states. This happens due to the exact shift we picked (using the literature value), the method
converges within a few iterations, which makes it difficult to get accurate values of the rate of
convergence constant. Consider Crgpys, which is the linear rate of convergence constant for the

ground state using ISPM. By picking the shift to be very close to Ep, the ratio

|Eo — af

CISPMm

(2.35)

is almost zero and hence we converge within a few steps. For the higher states the numerator
does not converge to zero and the rate of convergence, given by C’}g PM = %, is getting more
accurate.

To obtain states with higher energy using ISPM, we need to update the shift we have chosen

to obtain good convergence rates. As can be seen from Figure these states are closer to each

other in energy and an accurate or adapted shift is needed to converge fast.
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Figure 2.1: Energy of stationary states of 1D helium atom ordered by the magnitude of their energy.

In this plot we present the smallest 2000 energies.

state | ITPg, | ITP7y, | % Error | ISPMg,, | ISPMy; | % Error
Ey 0.994 | 0.976 1.723 N/A 0.0013
Eq 0.998 | 0.993 0.423 0.692 0.790 -14.295
Es 0.999 | 0.996 0.250 0.875 0.897 -2.528
FEs 0.998 | 0.999 -0.079 0.961 0.975 -1.529
by 0.999 | 0.997 0.154 0.919 0.929 -1.037

Table 2.2: Linear rate of convergence constants for the Imaginary Time Propagation (ITP) and

the Inverse Shifted Power Method (ISPM) for the 1D helium test case. Subscript (Sm) denotes

simulation value and subscript (Lt) denotes literature value, the error shown is the given relative

error between them.
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2.5 Summary

The Imaginary time propagation is an iterative method to find eigenstates and has no par-
ticular advantage, numerically or quantum mechanically. Once we an use imaginary time step the
time evolution operator is no longer unitary and therefore not representing a real physical opera-
tor anymore. Converting the ITP method into an inverse shifted power method can be done by
changing the existing ”1” on the left-hand side of the ITP into a variable (which will denote as the
shift), picking At = 2 and using the existing wave function as the right-hand side.

AtH 2H

(14 =57) = (@t =) = (H = (-a). (2.36)

This small modification will increase drastically the convergence rate for few eigenstates in com-

parison to the ITP.



Chapter 3

Application of Arnoldi algorithm

In Chapter [2| the Imaginary Time Propagation method was analyzed and shown to be slow
and limited in obtaining more than few bound states. The ITP was compared to the Inverse
Shifted Power Method, a known technique but with the limitation of finding one eigenvalue at a
time. In this Chapter we will introduce subspace iteration techniques and, in particular, discuss

the application of the Implicitly Restarted Arnoldi method [12] for problems in AMO physics.

3.1 Overview

A common way to find more than one eigenvalue, while using iterative methods, is to ap-
ply deflation techniques. Omne of them was introduced in Chapter [2| namely orthogonalization
with respect to previously obtained vectors. Another common approach is to work with a block
format (several vectors at the time), which also called Subspace Iteration. As will be shown
in algorithm 4|, for a matrix A with dimension (n x n) and a given set of non-parallel vectors
V = {[v1,va,...] | v; e R™ [i=1,2,..}, we perform a matrix-matrix multiplication (every column
vector in the matrix V' gets multiplied by the matrix A), and then we orthogonalize the new matrix
(every column vector gets orthogonalized to the previous vectors in the set), typically, with the use

of the QR algorithm [7].



Algorithm 4 Subspace Iteration for Hermitian positive definite matrices

procedure SUBSPACE ITERATION(A,V)
for k=1,2,... do
V «— AV

V' <« orthonormalize(V)

end

Finding an initial subspace that will guarantee fast convergences rate for the subspace iter-
ation to preform well is not an easy task. One common subspace is the Krylov subspace, for a
matrix A with dimension (n x 1) it is the natural subspace produced by the power method and

denoted by

Ki(A,v) = span{v, Av, A%v, .., AF"1v}, (3.1)

where k is the dimension of the space such that k < n.
By performing a Gram-Schmidt process on the basis vector of Ky, a general Arnoldi basis is

created. The Arnoldi basis vectors are denoted by g¢;

Yi

G = (3.2
= Tl )
with
. i .
yi = A'v — Z qjq}A’v. (3.3)
j=1

The above is the normal Gram Schmidt process, which is however computationally expensive.

A more economical way to compute ¢;41 is given by defining

i
ri=Alq =) qiqlA'; (3.4)
j=1

where ¢; 11 is given by
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e
qi+1 = T?‘l‘H (3.5)

(2
By construction (seen from Equations (3.4) and (3.5))) ¢;41 is orthogonal to all previous Arnoldi

vectors. Then we define

hij = qZTqu (3.6)

which can be collected to a matrix form, and we can introduce the Arnoldi relation:

AQr = QrH + [0, ..., 0, qhg 1 hit1.] 5 (3.7)

where Qr = [q1, .., qx), Hy is a (k x k) matrix with coefficients given by Equation (3.6]), and the
second term on the right hand side contains k£ — 1 zeros.

The algorithm stops when hj1, = 0 which implies we form an invariant subspace of A,

AQr = QrHj, . (3.8)

Since Q) is a unitary matrix, the eigenvalues of Hj are the eigenvalues of A as well and the

Ritz vectors Qv; are the eigenvectors of A,

Hn’UZ' = )xwi — A(anz) = )\l(QnUz) . (3.9)

The Arnoldi relation (3.7]) gives us a computationally cheap estimate of the eigenvalues and
eigenvectors since H,, consists of zeros below the first diagonal (upper Hessenberg matrix). Efficient
algorithms such as the QR algorithm can be implemented to construct it. In practice, as n gets
larger, every step of the computation to obtain the next ¢; gets more expensive. However, one
can exploit the fact that extremal eigenvalues converge quickly and deflate (keep them unchanged)
them as soon as they converge within a certain error range. To improve performance, the algorithm
is performed with a target of a small subspace of size m < n. Once the subspace m is reached, the

algorithm is restarted with the new and better approximation.
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The implicitly restarted Arnoldi method is a general high—-end method for computing
eigenvalues and eigenvectors and can be optimized for different cases and constraints as needed. A
common one is the Lanczos method, in which case the matrix A is Hermitian. Below we apply the
method to a problem in cylindrical coordinates and the Hamiltonian is therefor not symmetric. We
will test the performance of the implicitly restarted Arnoldi method for this set of problems and

compare it to those of previous methods.

3.2 Hydrogen atom

We first consider the simplest atom, i.e. the hydrogen atom which have only a single electron
and a single proton in the nucleus. The Hamiltonian is given by
1, 1

=V (3.10)

and the TISE has known analytical solutions. Thus, we can actually check our numerical methods
by comparing the results to these analytical solutions. All the simulations were performed using
cylindrical coordinates, where p denotes the radial distance and z denotes the longitudinal axis.
We classify the solutions with three quantum number (n,l,m): The principal quantum number
n, n = 1,2,3.., the angular quantum number [ is bounded by n, so that I = 0,1,2,..,n — 1, and
the magnetic quantum number m is an integer between —! and [. However, in our applications we
neglect ¢ (the polar axis), since most processes in AMO physics start with a fixed initial ground
state and linear polarization of light fields (At = 0). Since all wavefunctions are normalized to 1
and decay exponentially, we plot our solutions on a base ten log scale.

In Figure [3.1| we present some of the lowest eigenstates of hydrogen atom obtained using the
Arnoldi method with a second order difference scheme. Each bound state has n—[— 1 radial nodes,
(zeros along a fixed half circle), and [ angular nodes (zeros along radial lines). The energy of the

states was computed and compared with the exact analytical results in table
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Figure 3.1: First four bound states of hydrogen atom using second order finite difference scheme

with (0.1,0.2) a.u. grid spacing and (600,600) a.u. grid along p and z axis respectively. Up-left: 1s

, up-right: 2s , down-left: 2p , down-right: 3s.

Good agreement (within two digits of accuracy) is found for a grid spacing with Ap = 0.1
a.u. and Az = 0.2 a.u. . We were able to reproduce the first thirty states on a (200 x 400) a.u.
grid with (0.1,0.2) grid spacing along p and z, respectively. Overall, the energies remained accurate
for higher excited states as well. Indeed, for higher excited states, the accuracy even gets better.
Since the wavefunction increases in size for the excited states, we may consider that the singularity

at the origin is the largest source of error in our calculations.



state | energy calculated | exact energy | *relative error

1s -0.49443 -0.5 1.114
2s -0.12438 -0.125 0.49672
2p -0.12513 -0.125 -0.10006
3s -0.05538 -0.055555556 0.31595
3d -0.055576 -0.055555556 -0.036649
3p -0.055607 -0.055555556 -0.092836
4d -0.031262 -0.03125 -0.038355
4s -0.031178 -0.03125 0.23091
4p -0.031275 -0.03125 -0.079697
4f -0.031255 -0.03125 -0.016234

*

relative error is measured by 100 x fealculated—Tezact

Texact
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Table 3.1: Comparison of the energy of the first 10 bound states of Hydrogen using a (200 x 400)grid

with (0.1,0.2) grid spacing for p and z, respectively.

3.2.1 Scaling

Since we are interested in obtaining high excited bound states, it is important to study how

the numerical method scales. To this end, we ran several simulations using second order finite

difference method with different grid sizes and obtained the time to find the first ten bound states

as we increase the grid size. The grid size is given by the number of points along the radial axis

multiplied by the number of points along the longitudinal axis. For example, for a grid size of

(200,400) a.u. with grid spacing of (0.1,0.2) a.u. respectively for p and z, the total number of

points will be 4 x 10% points.
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Figure 3.2: Runtime to find first 10 eigenstates of Hydrogen with respect to the grid size.

As can be seen from the results in Figure for the sizes of grids considered here (bounded by
the sizes of grids we perform simulations of the TDSE) the scaling is approximately linear, unlike
for the ITP that has a sharp exponential growth when the number of points increases.

In addition for a solver to be scalable with the grid size, we also want it to be scalable with
the number of eigenstates obtained. To this end, we used the Arnoldi solver for a fixed grid size
of (1000 x 1000) a.u with (0.2,0.4) grid spacing respectively for p and z. In each ran we calculated

one more eigenvalue than in the previous run.
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Figure 3.3: Runtime of the Arnoldi algorithm to find n stationary states of hydrogen atom on a

fixed (200 x 400) a.u. grid with (0.2,0.4) a.u. grid spacing along p and z axis, respectively.

As shown in Figure the run time grows approximately linearly as a function of the number of
eigenvalues obtained. With a basic curve fitting technique we can estimate how long it may take
to find even larger set of states. In contrast, using the ITP method, after few eigenstates the run

time grew very large.

3.2.2 Higher order finite difference methods

While second order finite difference method gives good results for the energies, we have
also investigated if even better results can be obtained with higher order finite difference schemes.
In Table we compare the relative error of the energy of the first 10 bound states obtained by
using second, fourth and sixth order finite difference on a (200 x 200) a.u. grid with (0.1,0.2) a.u.

grid spacing respectively along the p and z axis.



state | 2nd order | 4th order 6th order
1s 1.114 1.251 1.2913
2s 0.49672 0.62822 0.6494
2p -0.10006 | -0.0017836 | -0.0010461
3s 0.31595 0.41941 0.43371
3d | -0.036649 | -6.0728e-05 | -1.8737e-07
3p | -0.092836 | -0.0014742 | -0.00082758
4d | -0.038355 | -6.9522e-05 | -2.254e-07
4s 0.23091 0.31479 0.32557
4p | -0.079697 | -0.0011878 | -0.00065495
4f | -0.016234 | -1.0475e-05 | -1.8173e-08

*

relative error is measured by 100 x fealculated—Tezact

Texact
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Table 3.2: Comparison of relative error for energy of the first 10 bound states of Hydrogen obtained

using second, fourth and sixth finite difference schemes on a (200 x 400) grid with (0.1,0.2) grid

spacing for p and z, respectively.

As can be seen from Table the second order scheme provides better results for low

energetic states. Evidently, these states are smaller by radius, which may indicate that the second

order scheme perform better closer to the origin. To test our expectation, we can use the state

(n,l,;m)=(7,4,0) and compare the wavefunction using second and fourth order schemes.
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Figure 3.4: (n,l,m)=(7,4,0) state of hydrogen atom using (a) second order finite difference and (b)

using fourth order finite difference schemes

The comparison in Fig shows that the fourth scheme is not preforming as well close to the
saddle points, where the radial nodes and angular nodes meet. To analyze it further, we integrate
along the two radial nodes numerically and observe that the error with respect to the analytical
result is larger for the fourth order scheme along the node at 18 a.u. and the error is larger for

the second order scheme along the node at 36 a.u.. Since in the derivation of the finite difference

2 4 6
schemes we cancel higher order derivative terms, we might have % < % < % near the

singularity and then the error terms for the lower finite difference scheme will actually smaller.

The behavior observed in our numerical results may occur since finite difference schemes perform

well for polynomials. The wave function can be approximated as a polynomial far from the origin,

while close to the origin this approximation fails.
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Figure 3.5: The analytical solution on the left compared with the numerical solution on the right

for bs state of Hydrogen using second order finite difference method

In order to further analyze in view of potential applications, we also integrated along
angular nodes and fixed z bands (integrate all z values for a range of p). As can be seen from the
comparison in Table [3.3] the second order scheme performs over all better for the first two states
while the fourth and sixth order methods provide comparable results for higher excited states in
the table. Evidently, as higher excited the state is, the improvement of the sixth order becomes
more and more interesting. However, in practice we need to compromise between accuracy of the
lower states, computation times and the accuracy in the higher excited states. The fourth order

schemes appear to be a good choice and we used it for the single active electron calculations below.



2nd 4th 6th nlm

energy 1.114 1.2913 1.251 100
z=[-1.7,1.9] | -1.6256 -2.3456 -2.2678 100
energy 0.49672 0.6494 0.62822 200
z= [-1.7,1.9] | 0.59909 0.76193 0.73731 200
p=2 0.59389 1.4803 1.3056 200
energy -0.10006 | -0.001046 | -0.0017836 | 211
z= [-1.7,1.9] | -0.34966 | -0.0029277 | 0.0050262 | 211
6 = 90° 0.27057 | 0.00041069 | 0.0037945 | 211
energy 0.31595 0.43371 0.41941 300
z=[-1.7, 1.9] 3.1381 0.48468 0.50049 300
p="7.10 49.6249 14.77 13.8016 300
energy -0.092836 | -0.00082758 | 0.0014742 | 310
z=[-1.7,1.9] | -0.31792 | -0.0021761 | -0.0039479 | 310
p=206 1.3558 0.0060593 0.010974 | 310

6 = 90° -0.016009 | 0.00012216 | 0.00089391 | 310
energy -0.036649 | -1.8737E-07 | -6.0728E-05 | 320
z=1[-1.7,1.9] | -2.4043 0.035096 0.0045935 | 320
0 = 54.74° 1.8044 -0.0041971 | -0.00062491 | 320

47

Table 3.3: Comparison of numerical results for first 6 states of Hydrogen using 2nd, 4th and 6th
order finite difference schemes. The values in the table represent relative error in percentage of the

calculated energy, and results of integration along fixed radii, fixed theta and fixed z bands.
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3.3 Single active electron problems

3.3.1 Introduction

Solving the TDSE with two or more particles is extremely difficult task even on modern
supercomputers. A popular approach is called the single-active—electron (SAE) model, this model
treats all particles but one to be frozen. If one can obtain the potential created by the other
particles in the system, one can solve the TDSE for only one electron. To motivate this approach,
first consider the Born—Oppenheimer approximation. It simply says we can treat the nuclei to
be stationary in time since on the time scale of electron dynamics that positions barely change.
Second, in most interaction of matter with ultrafast laser pulse only few electrons are involved. For
some processes (like high harmonic generation) typically only one electron becomes active and the
SAFE model will be the natural choice for numerical simulations. There are several about how to
create SAE potentials, in this thesis we will use a modified optimized effective potential scheme
developed in the ultrafast AMO Theory group at Boulder [I3]. A single active electron potential

using the Kohn—-Sham density functional formulation [I] can be represented as

ol =2 et E"‘W + Vaoo(r) (3.11)

where o is the spin polarization and each « represents a nuclei with charge Z, at a distance R,.

The total electron density p(r) is given by

No
p(r) =D o)) (3.12)

o =1

where ¢;, is the normalized wavefunction of the ith atomic orbital with ¢ spin polarization. The

exchange—correlation potential is given by

dEzelpt, py]
po(r)

and E,c[pt, py] is the exchange correlation functional. Once the exchange correlation potential is

cho("') - (313)
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chosen, we can solve (3.11)) and obtain the SAE potential. In [13] several approaches are being
explored, in this thesis we will use SAE potentials based on the KLI-SIC (were KLI stands for
Krieger, Li, Iafrate and SIC stands for self-interaction correction) results ﬁttedﬂ into the analytical

function [9], given by

C 7 e—Col7
Veap(P) = ——= — =+ " qze I 3.14
D= T (3.14)

where Z., co,a;,b;|i =1,2,3 are constants.

Then, we use the Arnoldi algorithm with various finite difference schemes to obtain the
resulting atomic orbitals. To test our results, we can use the experimental ionization energies
and match their energies with the excited states. Also, while we will not use very small grid
spacing for simulations involving time propagation, we can use small grid spacing to find the best

approximation achieved by the SAE potential.

3.3.2 Results
3.3.2.1 Argon

The first single active electron potential we considered is for the valence electron (ground
state: 3p orbital; (3,1,0) configuration) in Argon. We have chosen Argon since many literature
values are available for comparison. First, we studied the convergence of our results with respect
to the grid spacing. To this end, we used Ap = Az and reduced the step size from Ap = Az =0.1

a.u. to Ap=Az=10.01 a.u..

! Fitting coefficients produced by Ran Reiff, ultrafast AMO group, JILA
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Figure 3.6: Relative error of the numerically obtained energy of the first three bound states of

Argon as compared to the literature value as a function of grid spacing dp = dz.

The results in Figure [3.6| show that the relative error of the energy of the first three bound
states (with respect to the literature value) decreases as the grid spacing gets smaller. Note that
the error likely will not approach zero, since the corresponding energy from the DFT calculation
does not agree with the literature value as well. For our further studies, we chose to use the grid
spacing as dp = dz = 0.04 a.u., for which the energy for the first valence states is within one
percent of the DFT value. To make sure that our previous conclusion concerning the use of fourth
order finite difference scheme does apply to the SAE case as well, we have also performed the same
analysis using second order scheme and indeed observe a larger error in energy (three percent of

DFT value).
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Figure 3.7: Argon orbitals using grid spacing 0.04 for both p and z. Left: 3p, right: 4s.

3.3.2.2 Other atoms

To further test the quality of our results, we used SAE potentials for multiple atoms and
compared the numerical results obtained using the Arnoldi method with the DFT results and the
ITP solutions. To be consistent, all Arnoldi simulations where performed using a (64 x 128) a.u.
grid with 0.04 a.u. grid spacing for both p and z. Note that the ITP solutions are not obtained

with the same grid spacing, but they represent the best value that was achieved.
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Species || State | DFT | literature | ITP | Arnoldi | DFT/literature | Arnoldi/DFT | ITP/DFT
He 1s -0.918 -0.904 -0.929 | -0.918 -1.60% 0.02% -1.20%
Li+ Is |-2.793 | -2.780 |-2.843 | -2.792 -0.47% 0.04% -1.80%
Li- 2s -0.015 -0.023 -0.013 | -0.012 33.95% 19.03% 13.33%
Be 2s -0.308 -0.343 -0.312 | -0.306 10.04% 0.82% -1.22%

F 2p |-0.709 | -0.640 |-0.732 | -0.711 -10.80% -0.24% -3.18%
Ne+ 2p | -1.577 -1.505 -1.622 | -1.590 -4.75% -0.83% -2.86%
F- 2p -0.160 -0.125 -0.178 | -0.160 -28.27% 0.06% -11.06%
Ne 2p |-0.807 | -0.793 |-0.844 | -0.814 -1.84% -0.86% -4.58%
Na—+ 2p | -1.737 -1.738 -0.536 | -1.755 0.05% -1.06% 69.14%
Mg 3s -0.281 -0.281 -0.299 | -0.289 -0.10% -2.75% -6.30%
Cl- 3p | -0.139 -0.133 -0.154 | -0.144 -4.88% -3.29% -10.47%
Ar 3p | -0.575 -0.579 -0.601 | -0.583 0.70% -1.30% -4.49%
K+ 3p | -1.153 | -1.162 | N/A | -1.169 0.82% “1.40% N/A
Ca 45 | -0234| 0225 | NJA | -0.264 -4.16% 112.82% N/A

*

relative error is measured by the standard 100 -

Tnumerical " Lreference

Lreference

Table 3.4: Comparison of the calculated values for the ground state energy with literature values,

DFT results and ITP results, as well as error of ITP and Arnoldi method with respect to the DFT

reference value. The ”literature” column [3] shows experimental results.

The results in Table [3.4] show that the Arnoldi method provides values within few percent

error with respect to DF'T value for most atoms. In some cases we observe a larger deviation, we

however note that in these cases often the DF'T approach does already not provide a good agreement

with the literature data. It is therefore likely that an improvement of the DFT calculation, which

provide the basis for our SAE potentials, would lead to better results. Furthermore, we note that

a smaller grid spacing could lead to even better results, as discussed above. In view of practical
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consideration (use of the present results in large scale time-dependent simulations) we did not

further explore this point.

3.3.3 Summary

Our analysis shows that the Arnoldi algorithm is a fast and accurate method to obtain
stationary states, in particular if more than few eigenvalues are needed. In comparison to the ITP
that is used in strong—field simulations the performance is incomparable by speed and accuracy for
higher excited states. However, while we have explored the properties of Arnoldi algorithm as an
eigensolver, we can explore more ways to generate the system and improve our results with the
use of the Arnoldi algorithm. Instead of using finite difference schemes, we can test finite element
approaches which have shown to provide even better performance. In addition, in this thesis we
have chosen to avoid having a node at the singularity, other approaches like soft—core potential or

asymptotic analysis can be explored and may lead to improved results.
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