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Abstract.

A global solution of the Schrdodinger equation for explicitly time-dependent
Hamiltonians is derived by integrating the non-linear differential equation
associated with the time-dependent wave operator. A fast iterative solution
method is proposed in which, however, numerous integrals over time have to be
evaluated. This internal work is done using a numerical integrator based on Fast
Fourier Transforms (FFT). The case of a transition between two potential wells of
a model molecule driven by intense laser pulses is used as an illustrative example.
This application reveals some interesting features of the integration technique.
Each iteration provides a global approximate solution on grid points regularly
distributed over the full time propagation interval. Inside the convergence radius,
the complete integration is competitive with standard algorithms, especially when
high accuracy is required.

PACS numbers: 31.15.p, 02.70.-c, 02.30.Tb, 33.80.-b
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1. Introduction

The numerical solution of the Schrédinger equation iA0W /0t = HY plays a key role
in the understanding of molecular dynamics processes. Molecular inelastic [1] and
reactive collisions [2] have long been treated using quantal wave packet methods.
In procedures such as the semiclassical treatment of multiphoton processes [3]
explicitly time-dependent Hamiltonians have to be used to describe the molecule-field
interaction. A popular and efficient wave-packet propagation algorithm is the Multi-
Configuration Time-Dependent Hartree method, which is able to handle a large variety
of high-dimensional problems [4]. Here, our aim is not to deal with many dimensions
but to develop an efficient way of treating problems with rapidly oscillating time
dependencies in the Hamiltonian operator or in the wavefunctions. Several algorithms
which are used for time-resolved experiments with time-independent Hamiltonians
can be adapted to the time-dependent case and are described in [5] and references
therein. However for such methods the length of the integration steps must be reduced
to handle the high frequency terms. The propagation scheme is then based on the
decomposition of the evolution operator using small time increments.

N-1
U(t,0) = [ U ((n+1)At,nAt) (1)
n=0
where At =t/N and
U(t+ At,t) ~ exp[—(i/h)H (t + At/2) At] (2)

These step by step integration schemes will be referred to in later sections as
”continuous methods”. Second order differencing schemes (SOD) [6], split operator
methods [7] and the short iterative Lanczos propagation [8] all give cumulative
propagation errors which are proportional to (At)? in (1) and also errors due to the
approximate calculation of the action of exp[—(i/h)H At] on the wave function. Other
high-accuracy integrators which can be used for multi-dimensional systems include
the generalization of the sympletic partitioned Runge-Kutta method developed by
Sanz-Serna and Portillo [9] and the method proposed by Kormann [10] in which
the Hamiltonian H is replaced by a suitable truncation of the Magnus series.
Unfortunately, these continuous integrators suffer from limitations which could prevent
their use in some cases. SOD cannot handle non-Hermitian Hamiltonians, while the
split operator scheme requires that the kinetic operator does not mix coordinates
and their associated momenta. The calculation of the Magnus development is only
tractable if the couplings have separate time and coordinate dependencies [10].

A recently proposed global treatment, the Constrained Adiabatic Trajectory
Method (CATM), [11, 12, 13, 14] introduces the Floquet Hamiltonian Hr = H —
ih0/0t defined in an extended Hilbert space including the time coordinate. The
dynamical Schrodinger equation is transformed into an equivalent partial eigenvalue
problem in the extended space and the wave function is forced to conform to consistent
boundary conditions over a short artificial time extension by using a time-dependent
absorbing potential. In [14], the CATM was formulated as a global integrator of the
Schrédinger equation which does not belong to the category of methods described by
(1) and (2) and it was concluded that the CATM is well suited to the description of
systems driven by Hamiltonians with explicit and complicated time variations. The
method does not suffer from cumulative errors (because of its global character) and
the only error sources are the non-completeness of the finite molecular and temporal
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basis sets used and the imperfection of the time-dependent absorbing potential. The
dynamics of a quantum system can also be obtained in a global way (as in the
CATM) by using the time-dependent wave operator concept (TDWO) [15]. In this
formalism the dynamics is formally separated into a simple evolution within a given
active subspace driven by an effective low-dimensional Hamiltonian plus a secondary
evolution from the subspace to the complete space. The TDWO concept has also been
generalized [16] to treat almost adiabatic quantum dynamics. This generalization is
based on a time-dependent adiabatic deformation of the active space and is useful
for dynamics which do not escape too far from an adiabatic subspace. However the
effectiveness of both TDWO and CATM hinges on the capacity to integrate some
nonlinear differential equations and this is the central problem treated in this work.
A solution of this problem is essential to preserve the principal advantage of these
formalisms, i.e. their capacity to give a global solution over the whole interaction
time. To reach this goal an iterative solution seems appropriate. Such a solution was
proposed in ref. [17], using a time-dependent version of the Recursive Distorted Wave
Approximation (RDWA) [15] together with non-linear transformations such as Padé
approximants [18]. Nevertheless, this iterative solution is not fully satisfactory and
often fails because of a small radius of convergence and a high sensitivity to the choice
of the initial guessed solution.

The present paper proposes a new iterative solution of the time-dependent wave
operator equations. This is equivalent to solving the time-dependent Schrodinger
equation without using the approximation of (1) and (2) at any stage of the calculation.
In section 2 the basic wave operator equations are presented together with the
iterative integration procedure. In practice we limit ourselves to the non-degenerate
case (one-dimensional active subspace) which describes the dynamics issuing from a
given quantum state. This is equivalent to solving the Schrodinger equation for the
wavefunction. The iteration procedure involves calculating numerous integrals over
time of matrix and vector elements. Section 3 explores the possibility of using Fast
Fourier Transforms (FFT) to compute these integrals. In section 4 we illustrate the
algorithm by studying the transition of a vibrational wave packet between the two wells
of a model potential energy surface under the influence of two laser fields. Various
numerical features are analysed in details. Section 5 gives a discussion and conclusion.

2. Tterative calculation of the time dependent wave operator

2.1. Wave operator equations

Let H be the Hilbert space associated with a molecular system and let S, be a model
subspace of rank m. It is assumed that the initial molecular state is included within
S,. The orthogonal projector corresponding to the model space is called P,, with
P? =P, P! = P,, tr(P,) = m. During the evolution, the model space is continuously
transformed into successive active spaces S(t) whose projectors P(t) are solutions of

the Schrodinger-von Neumann equation:
OP(t)
ot
The wave operator associated with the two subspaces S, and S(t) is defined as [15]
Qt) = P(t)(PoP(t)Po) ™" = U(t, 0; H)(PpU (¢, 0; H) P,) ™! (4)

ih = [H(t), P(t)]. 3)
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where U represents the quantum evolution operator associated with the Hamiltonian
H(t), ie. h2EE0 — H(U(t,0,H). Tn (4), (P,PP,)"" is the inverse of P
within S,. It exists only if the Fubini-Study distance between P, and P is small:
distps(P,, P) < % [16], i.e. if the dynamics does not escape too far from the initial
subspace. In this framework the time evolution can be written as

{ U(t,0; H)P, = Q(t)U(t,0; Hegy) (5)
Hepy(t) = PoH(t)Q(t)

In equation 5 the evolution issuing from the initial state is separated into two terms.
The first one, U(t,0; Hesy), describes the dynamics within the model space S,. The
second one can be written as Q(t) = P, + X(¢) and it induces transitions from the
model space to the full space, the off diagonal part (X = Q,QP,) inducing transitions
to the complementary space exclusively (Q, being the projector associated with the
complementary space). It is evident that the factorisation of U(Hr), which includes
all the fast variations within S,, is an advantage for the dynamical integration process
if the model space is well chosen. It can be proven that the reduced wave operator
X (t) = Q,0NP, satisfies [15]
0X(t)

W= = Qu(l = X () H(t)(1 + X (1)) P (6)

Solving this equation is the central point of the wave operator formalism. The solution
gives Q(t) as well as Heyps(t) (cf equation 5), from which a partial evolution operator
can be obtained.

A continuous integration of this non-linear differential equation has been proposed
in section VI of the review [15]. Unfortunately, many approximations were necessary
to make the calculation tractable and the final result was not satisfactory in the
strong coupling regime. To derive a new global solution, we can use the fact that

Qo(1— X)%(l +X)P, = QO%XPO to rewrite (6) as

Qo1 —X)Hrt) 1+ X(t)P, =0 (7)
where Hp(t) is the Floquet Hamiltonian,
Hp(t) = H(t) — zh% (8)

We now derive an iterative treatment, assuming that eq (7) is not perfectly satisfied
at a finite iteration order n,

Qo(1 = XW (@) Hp(t)(1+ X" ()P, = A™(t) # 0. 9)
We are looking for the increment X (™ which exactly solves the problem:

Qo1 — XM () —6X™ (1) Hp(t)(1 + X ™ () + 6X™(£)) = 0. (10)
Expanding (10) gives four terms of different significance,

AM) — Qo6 X ™M (t)Hp()5X ™ (1) P,

~QuOX () Hp(t)(1+ X ()P,

+Qo(1 = XMW () Hp(t)6 X ™ ()P, =0 (11)

In (11), the first term is the error at the previous iteration defined in (9). The
second term is quadratic in the increment (6X((¢)) and can be neglected; this is
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an approximation commonly used in such iterative treatments. The third term can
be rewritten as
Qo6 X™Hp(1+ X")P,
0

= QX" | PoH(Py + QoX " Py) = Puilg, (P + QoX " P,)

= Q. 0X™WP,H(P, +Q,X™P,)

= QXM () H (1) P, (12)
with

H{GH(0) = PH(1)(Po + X (1), (13)
The last term in (11) needs more detailed attention:

Qo(1 — X" (1)) Hpd X M(t)P,
= Q.H é6X™pP, — Q. X"™H 5X<">m%QOX<">PO (14)

We cannot handle differential equations in which (H§X) or (X H) couple the
unknown components of X to all the complementary space spanned by Q,. We
shall thus assume that the non-diagonal elements of H in the complementary space,
given by Qo(H — Hgiag)Qo, are small and make two last approximations,

QOH(t)QO ~ Qo [H(t)]dmg Qo
QXM H(1Q, ~ Qo [XW(H®] Qo (15)

diag
This simplification is important but does not have important consequences if the
procedure still converges. The neglected terms are gradually taken into account during
the iterative process and finally equation (7) is satisfied. In summary, the increment
defined in (10) can be computed by solving

a n rr(n
ihgr6X (1) = A1) - SXMOH () + HE (1) 6X™M(t)  (16)
with Hcy¢ defined in (13) and
A (0) = Qo [H) ~ XWW0HD)] - Q, (7)

In the following we limit ourselves to the case of a one-dimensional model subspace,
with P, = [i)(i] and Qo = 3=, [k)(k|, [7) Deing the initial state of the system. X
and 06X becomes vectors and H,ss(t) is a pure scalar function. Equation (16)
becomes an ordinary differential equation whose rigorous solution for the component
(k|6 X™i) = (5X,£n) can be expressed using exponential evolution operators,

n 1 ¢ rr(n n
5" (t) = exp [71 | (52, te) - 55))) dt’] (1)
t Jo

t t
(n) /1 1 rr(n) " (n) s m " /
x /O {Ak (t') exp [@_h/o (A1) = () dt ]}dt.

This solution is consistent with the initial value of the wave operator
Q(t=0) =P, (19)

hence X (™ (0) = 0. Equations (13), (17) and (18) are the central equations of this
paper which are to be solved numerically.
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2.2. Periodic basis set and constraints on the boundaries

Similar equations to those given above were derived in [19] by expanding the evolution
operator using successive interaction pictures. However they were not applied
numerically because of the difficulty of calculating the many time integrals which are
similar to those present in (18). Only adiabatic limits could be calculated, with very
poor results. Here we show that it is possible to design an efficient implementation by
observing that the global approach represented by equations (7) and (18) is consistent
with the use of a discrete Fourier basis set to span the whole propagation time interval,
together with the associated periodic quadrature. These tools give effective ways to
express the matrices H ()X ™ (t) and X (t)/0t present in A (t) (equation (9))
and to calculate the integrals in (18), as will be explained in section 3. However
the accurate use of Fast Fourier Transforms (FFT) is only possible if all the time-
dependent functions are made perodic and smooth.

The Hamiltonian H(t) of a molecule submitted to a laser pulse is the sum of
a time-independent part H, which represents the unperturbed molecule and of a
perturbation V' (¢) with V(0) = V(T,) = 0, where T, is the laser pulse duration.
In equation (9) this corresponds to X(™ (¢t = 0) = 0 and thus A™(t = 0) = 0.
However at the end of the pulse duration, X (™ (t = T},) can differ considerably from
its initial value. To impose the continuity and the initial conditions of X (™ (t) one
should use the CATM procedure [11, 12]. To this end, a time-dependent absorbing
potential is introduced over an artificial time extension [T,,T]. In the present case,
this imaginary potential Vgps(t) destroys all the components of the wave operator (and
the wavefunction), except the one corresponding to the initial state (i|Q(¢)),

Vabs (t) = =iVope () Y |k} (k| (20)
k#i
where V. (t) is a real positive function localised on the interval [T,,,T]. This
supplementary term produces the boundary value X (T) — 0 and hence the
periodicity of 6X () and A(™ (equation (9)):
SXM(t=0)=6XM(t=T)=0,
AM(t=0) =AMt =T)=0. (21)

2.3. The problem of nested integrals over time

The n'" order iteration requires solving the equations (13), (17) and (18) and
the passage to the (n + 1)** order, via the incrementation of X using X™+1) =
X™ 4+ 6X™ and the construction of A+ (cf equation (9)). We want to
use the same discretization at regularly distributed grid points to describe all
the time dependencies. Suppose that the molecular basis set is composed of N,
orthonormal states with P, = |i){(i] and Qo = }2;; |k)(k| and that the discrete
time-grid which spans the time-interval [0, T is composed of N discrete time values
t; = jT/N, j = 0,...,N — 1. The calculation of dX™(t) in (18) calls for

the calculation of N, — 1 1ntegrals fo ( d?a)g bk — e(;}) dt', where k takes all the

N, — 1 index values in the complementary space, followed by N, — 1 integrals
(n) )\ g’

f A(n (t')e = 0 (g paHC ) dt’. This is obviously a significant task, which

must be undertaken at each interation order (n). The calculation of each integral

must be fast and very accurate. The selected procedure is explained in the next
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section with a preliminary discussion about integrating an arbitrary complex function
of time.

3. Discrete Fourier integration at the n'" iteration order

In this section we explain how to compute efficiently a numerical definite integral of
a time-dependent function described on regularly distributed sampling points. The
function is not necessarily continuous at the boundaries of the grid. This preliminary
discussion is important in facilitating the numerical implementation of equation (18).
We require that the procedure should determine with the same accuracy, not only the
integral at the final time value ¢ = T (which is easily obtained using the standard
Fourier quadrature rule) but also its value for each of the N intermediate discrete
time values ;.

3.1. Continuous integrals and numerical FFT-integrators

In the present subsection the Fourier transform F(v) is defined as

+oo
Fv)= / f(t) exp(—i2nvt)dt. (22)

— 00

Let I(t) be the integral

1(t)

/ "
+oo
:/ FEYR(t — )t (23)

where h(t) is the Heaviside step function,
0t<O
hlt) = { 1¢>0,
The Fourier transform of h(t) is the distribution
1 1
H(v)= - - P — . 24
)= 530) - PV (5 ) (24)

PV denotes the Cauchy principal value which becomes relevant when the above
expression is integrated. The convolution theorem gives

1(t) = £« h(t)

+oo
= / F(v)H(v) exp(2inv)du. (25)
Using H(v) from equation (24) then gives
1 i +o0 F(V)eQim/t
I(t)=-F(0)——P ———dv. 2
0 =3O -5V [ (26)

In molecule-field interaction problems, the field term is frequently an oscillating
function of time. Let us consider for a moment the special case of an oscillating
function of the form f(t) = g(t) exp(i2nt). Its Fourier transform is the translated
function
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where G(v) is the transform of g(¢). Using this F'(v) in (26) and using the variable
change v = U — v, we obtain

I(t) = / g(t) exp(i2nvt)dt = %G(fﬁ)

— 00

: +oo N, —2imut
_ Linmitpy / GEv)e ™™ (27)

7 !
2w oo vV —v

When the frequency 7 is very high, we can neglect the Fourier coefficient G(—7) and
approximate the denominator 7 — v/ by 7, giving the approximation

t
/ g(t") exp(2imwt’)dt’ ~ expli(2nvt — 7/2)] ﬂ (28)
oo U—00 27TI/

We can now go back to the general case of equation (26) to derive a numerical
FFT-integrator. The detailed derivation is given in Appendix A. This appendix
explains how equation (26) can be implemented for periodic or non-periodic functions
known as N sample values distributed over the interval [0,7]. The integration
algorithm needs only two FFT, with a computational cost scaling as 2N log N to
obtain the N values of I(¢;), with t; = jT/N,j=0,1,..., N — 1. Here we recall only

the main result,

I j T
I(tj) = FFT; ' (nFFT(f)) + 5 % \/—NFFTkzo(f). (29)
where . FFT(f) is a component by component vector multiplication, with
i T N
== (=1,...5 —1
w={ n Ly Tl (30)
EefN — ?, .. N - 1.

In addition, the £ = 0 component of (u.FFT(f)) in (29) must be replaced by the
following quantity:
N—1
a=—Y u.FFTy(f). (31)
=1
In the next subsection we perform some numerical tests using the algorithm derived
in appendix Appendix A with rapidly oscillating functions.

3.2. Numerical test of the FFT-based integration algorithm

We study the arbitrary case of a function composed of six gaussians multiplied by
complex exponential functions. The gaussians have various widths and are distributed
on the interval [0,7 = 180] to give the function

f(t) = Z exp[—a;(t —t;)*] exp(i2mz;t/T). (32)

The various parameters appearing in (32) are given in table 1. The a; are chosen so
that the modulus of the function f(¢) is equal to or smaller than 1072 at the two
boundaries (see figure 1). In this example, the FFT procedure uses the function
f(t) defined by (A.6). This modified function is characterized by a spectrum with a
central component £ = 0 equal to zero. This can be seen in figure 2, which shows the
modulus of the spectrum of f (t). As the functions converge rapidly to zero at t = 0

and at ¢ = T, the continuity of the function f (t) (assumed to be a periodic function
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Gaussian  a; t; x;
index j

1 6.790 27.000  12.000
2 3.819 36.000 135.600
3 1.018 90.000  1.750

4 1.591 108.000 154.700
5 2.118 135.000 3.250

6 3.310 144.000 18.150

Table 1. Parameters used in equation (32).

08

06

[Reallf(t)]]

04

02

0 20 40 60 80 100 120 140 160 180
time

Figure 1. |Ref(t)], see (32) and table 1.

100

0.01
0.0001
1e-06
1e-08
1e-10

Log[abs(Spectrum)]

1e-12

1e-14

1e-16

le-18 4 2 0 2 4
Frequencies

Figure 2. Absolute value of the spectrum of f(t) corresponding to (A.6) and
(32). The function is given as a sample of N = 2048 values equally distributed
on the interval [0, T7.
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by the FFT procedure) and also the continuity of the first two derivatives are ensured
without the need to extend the time interval or to use an asymptotic polynomial (eq
(A.10)). Figure 2 confirms that the functions are well represented by the Fourier
expansion; the components omitted in the spectrum are smaller than 10713,

We first compare the speed of convergence of two algorithms, the numerical FFT-
integrator (this work) and the standard Simpson rule. As the exact values of the
integrals I; = I(t;) are not known, we perform two series of calculations by doubling
the number N of sampling points, comparing for each of the two integration procedures
the result for 2N points with that for N points. The convergence factor CFy is
calculated by using the N points (with even indices) that the 2N grid has in common
with the N grid. At each of the N sampling points the absolute value of the difference
between the two results for the integral is calculated and the convergence factor is
defined as their maximum value, namely

N—1
CFy = max(|I{;"Y) — 1Y), (33)
Jj=0

The corresponding numerical results are shown in figure 3. As the number of sampling

100 - 1

0.01
0.0001 -
1e-06

1e-08 |-

Convergence factor

1e-10

le-12 |

le-14 -

1e-1 | . | | |
€ 610 100 1000 10000 100000 1e+06

Number of sampling points

Figure 3. Convergence factor (33) for the FFT algorithm (M) and the Simpson
algorithm (A).

points increases, the FFT convergence factor decreases rapidly by many orders of
magnitude up to a critical N value, N&%, = 1024. Beyond this point the convergence
factor reaches a constant plateau with a precision close to machine precision (1071%).
This is the usual behaviour expected from the Nyquist-Shannon theorem [26] when
using Fourier basis expansions. The Simpson rule results show a strongly different
behaviour. The convergence factor decreases regularly up to a minimum value for a
critical value N g’;;p, which is about 100 times larger than for the FFT case. Moreover
the minimum convergence factor reached is about two orders of magnitude greater
than for the FFT results. After this minimum value, the convergence factor increases
again. In this new regime the roundoff errors become predominant. Since no exact
result is available, we next compare the results obtained with the best precision for
each method, to be sure that the two algorithms are consistent and converge to the
same value. This corresponds to N = 1024 for the FFT algorithm and to about
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N = 150000 for the Simpson algorithm. Figure 4 presents for each discrete time
value the modulus of the difference between the two integrals calculated with the
FFT algorithm and with the Simpson rule,

[IFFT () — 192 (). (34)
This figure reveals that the difference on the whole interval [0, T] is never larger than
107!3, Similar results, not presented here, are obtained for examples in which it

was necessary to impose a continuity of the two first derivatives by using a 6" order
polynomial (see Appendix A.2). These applications prove that the FFT integrator

100

001l |
00001} / |

1e06 | ;

|Error|

1e08 ! ]
1e-10f | 1
te-12f | ]

1e-14

1e-16

0 20 40 60 80 100 120 140 160 180
time

Figure 4. Difference between the FFT and the Simpson result: [TFFT ;)
I%9m2(t;)| (full line) and the modulus of the FFT result [TFF7(¢;)| (dashed line).

possesses the expected qualities. Figure 4 shows that the precision of the results
is very high and virtually independent of the discrete instant ¢; taken as the upper
bound. Moreover, figure 3 reveals that the number of sampling points necessary
to give convergence for the FFT is 100 times less than that for the convergence of
the Simpson algorithm. Finally the operations necessary for the FFT algorithm are
reduced to the calculation of two FFT, the first being made in any case during the
propagation scheme [27]. For the selected example the CPU time associated with the
FFT procedure is about 20 times smaller than that associated with the Simpson rule.
However, the degree of advantage of the FFT approach is closely related to the shape
of the spectrum of f(t). In the present cases as well as for the Schrodinger equation
integration procedure treated in the next section, the spectrums are narrow and are
thus well represented by a Fourier basis set.

4. An asymmetric double-well transition experiment

The illustrative example is that of a model diatomic molecule submitted to two laser
pulses. Throughout this section we use arbitrary units with the convention h = 1.
The various numerical parameters have been adjusted so that the relative orders of
magnitude of the vibrational level spacing, the strength of the dipole couplings and
the pulse duration produce realistic dynamics with significant transition probabilities.
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Two potential curves S = 1,2 are defined, which can refer to the two first electronic
states of a one-dimensional vibrational Hamiltonian in the framework of the Born-
Oppenheimer approximation. These two curves are shown in figure 5. The lower
surface is a double well similar to those used in references [28, 29],

e1(R) = —=5R? + 0.5R® + R*. (35)
The upper surface is a single quartic well,
ea(R) = 0.2R™. (36)

The R coordinate is chosen as a relative position centred on the barrier of €;. All the
eigenstates are pure bound states and were calculated using a Fourier grid method on
the radial coordinate [30, 31]. They are shown in figure 5. These model potentials are
also similar to those used to describe, for instance, effective isomerization problems
along a reaction coordinate [32]. The evolution of the vibrational evolution operator

30

25 F
20
15 §

10

Potential, eigenstates

Figure 5. The two potential energy curves and some of the first unperturbed
vibrational eigenstates of the first potential surface (full lines) and of the second
one (dashed lines). The potentials are quartic polynomials defined as: €1(R) =
—5R% + 0.5R3 + R* ; e2(R) = 0.2R%.

is driven by the following equation within the framework of the dipole approximation:

. a |: ( €1 7[1:1 QE(t> >:|

1==U(t,0) = |Tn + L= ’ U(t,0 37

Gt ( ) 7#112.E(t) €2 ( ) ( )
Tn is the relative kinetic energy of the two atoms, ie. Ty = fﬁa‘a—; with an

arbitrary mass equal to 10. es—1 2 are the two energy surfaces. There is no rotation
in the model and the dipole transition moment [ is assumed to be constant along the
radial axis R and equal to 1.

The laser field amplitude projected on the ji direction is defined as the sum of
two pulses with gaussian envelopes

E(t) = ZEj cos (w;(t — T})) exp < <t TjTj) ) (38)
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Vibrational states (v = 1,5 = 1) and (v = 6,5 = 1) have in common a strong
overlap with state (v = 7,5 = 2) of the excited potential curve. We have therefore
chosen the carrier frequencies as w; = E(v =7, =2)— E(v =1,5 = 1) ~ 9.98449
and wy = E(v = 7,8 = 2) — E(v = 6,5 = 1) ~ 4.77725. This choice induces
resonant transitions between the first and the sixth eigenstate of the lower surface:
w1 —wy = FEw=6,S=1)— FE(v=1,5 =1). This will ensure strong transitions
between the two asymmetric wells and a rather large depletion of the initial state.
Calculations were made using 7, = 3.90 and 75 = 4.50 and two different electric field
amplitudes and centres,

FE; =0.05, T3 =235

Ey =0.08, T, =21.5 (39)
in the first example and

E;=0.09, Ty =225

FEy =0.05, To, =21.5 (40)
in the second example. The corresponding electric fields are represented in figure 6.
Those choices for the laser parameters place the system in a non optimal STIRAP
configuration [33]. In both cases the initial state is the first eigenstate of the first
surface (v = 1,5 = 1). In terms of the wave operator, the first global iteration starts
with a guess chosen as QO (t) = [v=1,S=1){v = 1,8 = 1], ie. XO(t) = 0.
A vibrational basis set made of the 30 first vibrational eigenvectors of each surface

0.15 T T T T 0.15

0.1

0.05 -

0

-0.05

Electric field amplitude (arb. u.)
Electric field amplitude (arb. u.)

-0.1

0 25 20 2
Time (arb. u.) Time (arb. u.)

Figure 6. The electric field E(¢) in the first example of (39) (left frame) and in
the second example of (40) (right frame).

(i.e. a total molecular basis set of N, = 60 states) is sufficient to obtain converged
results. This molecular basis set is small but here the principal aim is to test
the time propagation algorithm. Here we need N; = 4096 Fourier states |p) with
(tlp) = exp(i2wpt/T) (or equivalently N; = 4096 time grid points) to describe the
time evolution correctly. In what follows the vibrational states are numbered from
v = 1 to v = 30 for the first surface and from v = 31 to v = 60 for the second
surface. The total basis set describing the extended Hilbert space is then composed of
N = N, x N; = 245760 states. In this framework, the dynamics is calculated by using
the iterative scheme explained in section 2 (equations (5), (13), (17) and (18) with
QD) = p, 4 X+ and X+ = X 1 §X () ) The integrals appearing in (18)
are calculated using the numerical integrator presented in section 3 and Appendix A.
This scheme is used to calculate all the components of the off-diagonal part of the wave
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operator for each of the N; discrete t, values: Xi(,n)(tk), v=1,...,Ny,, k=1,..., Ny,
at each iteration order (n).

0.01

0.0001

1e-06

1e-08

1e-10

1e-12

Convergence factor

1e-14

1e-16

1e-1 | | | | .
€ 80 5 10 15 20 25 30 35 40

Number of iterations

Figure 7. Convergence factor (41) with the parameters defined in (39) (M) and
those defined in 40 (O) with respect to the iteration number.

Our main concern is the speed of convergence of the global iterative scheme. We
define the following convergence factor:
b o Tt 164" (1) (@)
ooty Sy 1X D )P
with 6X (™) defined in (18). Figure 7 shows that the two calculations converge. A
plateau of about 107 for the first example and of about 1076 for the second one is
reached at the 22" iteration. Between the 10" and the 22" iteration, the accuracy
is improved by one order of magnitude at each iteration. The convergence factor of
equation (41) adds the residues 6X (™ (t) over the whole propagation interval. This
means that the plateau seen in figure 7 indicate a very high accuracy at each time
grid point. It is essential to note that, by contrast with a continuous propagation
scheme, in which errors are accumulated at each time step, the global scheme does
not accumulate the errors between two iteration orders. Nevertheless our iterative
procedure possesses, as does every iterative treatment, a finite radius of convergence.
The small increase of the convergence factor observed in figure 7 during the first four
iterations for the second example is the consequence of a large Fubini-Study distance
between P, and P in this case (the survival probability at the end of the interaction
|(v = 1|W(¢finar))]? is 0.2129 in the first example but only 0.02864 in the second one).
This increases the distance between P, and P(tfinq) in this last case. This can be seen
in figure 8 which illustrates the progressive separation between the active subspace S,
and the dynamic subspace S(t). In the non-degenerate case, the Fubini-Study distance
is simply

distps(P,, P(t)) = arccos (|| {v;|¥(t)) ||) = arccos (m) . (42)

The right-hand side is obtained using the normalization properties of the wave
operator. The final distance for the second example of (40) is clearly larger. The
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Figure 8. Evolution of the Fubini-Study distance distps(Po, P(t)) during the
pulse defined in (39) (solid line) and (40) (dashed line). The distance has been
computed using the wave operator at iteration 22.

physical reason explaining this strong difference is that example (40) is closer to
an efficient STIRAP situation than example (39) (but still non-optimal, the final
transition probability to state |[v = 6) being here only 0.22, because of many non-
adiabatic transitions to other vibrational states).

The global character of the integration is evident in figures 9 and 10 which
present the transition moduli to the different vibrational states at the final time
|(W[ W) (¢ 4ina1))| at four different iteration orders. It is interesting to note that in
figure 9, an approximate vibrational distribution close to the exact one is obtained
as early as at the fourth iteration. The small convergence difficulties during the first
iteration orders in the second example are evident in figure 10. The 4*" order shows
some transition amplitude larger than 50, very far from the final results. In this
case more iterations are needed to achieve a stabilized distribution. Probabilities
can thus exceed one in the global scheme if the results are observed at an early
intermediate order, before the completion of the iterative process, such as in Fig.
10. There is no fixed norm conservation in the structure of the algorithm but the
norm conservation is recovered after convergence. Figures 11 and 12 also illustrate
the global character of the time-dependent propagation. In these figures we present
the evolution of the transition amplitude to state |[v = 37). This particular state
is strongly coupled with the initial state |[v = 1). Figure 11 shows that each
iteration order produces a projected amplitude which converges towards the exact
solution over the whole interaction time interval. At the fourth iteration, the difference
|(v = 37|T(=22)(t) — T(™)(t))| is already lower than 10~1. At the 9" order, the same
error becomes lower than 1073, Figure 12 reveals the difficulties due to the large
Fubini-Study distance between P, and P(tfinq) (here the final survival probability
is [(v = 1|U(¢finar)|® = 0.02864). As a consequence, the amplitude of the projected
wave function onto the state v = 37 at the 4 iteration order is about 10 times larger
than the exact one for ¢ > 30. Surprisingly, the iterative procedure converges again
between the 4" and the 9" order. At the 9" order the error is smaller than 1072
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Figure 9. Final transition amplitudes to the different vibrational states
[T (¢ inar))]| after the pulse defined in (39), obtained from the wave operator
at successive iteration orders. +:(n =2),x : (n=4),%: (n=29),e: (n = 22).
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Figure 10. Final transition amplitudes to the different vibrational states
|(0| @) (:n01))| after the pulse defined in (40), at successive iteration orders.
+:(n=2),x:(n=4),x: (n=09),8: (n=22).

everywhere.

We think that this efficiency is essentially due to the use of a time-dependent
effective Hamiltonian in the basic equations of the integration scheme ((13), (17)
and (18)), especially when it is compared with previous iterative schemes. Figure 13
reveals large oscillation of the effective Hamiltonian defined in (5). The imaginary
part imposes the unitarity of the evolution in the wave operator formulation. A
contribution to the evolution operator of the form

l tfinal o = J ,
exp 7 Sm(Heyy)dt
0
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Figure 11. The dashed line represents the modulus of the projected wave
function |{(v = 37| ¥ (") ()| as a function of time at the end of the iterative process
(n = 22) for the first example (parameters given in (39)). The full lines are
the defects at intermediate iteration orders: |(v = 37|W("=22)(¢) — w(")(1)}| for
(n=4) and (n =9).
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Figure 12. The dashed line represents the modulus of the projected wave

function |(v = 37|¥(™(¢))| as a function of time at the end of the iterative
process (n = 22) for the second example (parameters given in (40)). The
thin continuous lines are the defects at intermediate iteration orders : |[(v =

37| W (n=22) () — W) (1))| for (n = 4) and (n = 9). The deep black line shows the
survival amplitude |(v = 1| T ("=22)(¢))|.
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Figure 13. Evolution of the real part (continuous line) and imaginary part
(dashed line) of the effective energy, using the field parameters (40).

is present and gives the correct survival amplitude. The magnitude of these oscillations
(= 4 for the real part) is even much larger than the distance between the first closest
vibrational eigenvalues of each surface (for example E(v = 2) — E(v = 1) = 1.451).
Other iterative methods in which these time variations are neglected completely fail to
converge on this same numerical example. For example, the adiabatic approximation

would be justified if in equation (18) the amplitude |(U|I—~I§Zl)g(t)|v> - <v1|H§?}(t)|UZ)|
is large at each instant, |v;) being the initial vibrational state. In such a case the

introduction of the approximation (28) into equation (18) leads to:

ihA (M)
SXM () = — (n)m (tzn) (43)
Hdiag(t) - Heff (t)

Equation (43) is very similar to the RDWA iterative method which has already been
used to compute time-dependent wavepacket propagations [15, 14]. However it cannot
be used in the present case. It is evident that the strong time-dependency of Heyr(t)
(see figure 13) and the very small survival probability at ¢f;nq are inconsistent with
the use of any adiabatic approximation. Actually the use of (43) in the integration

scheme produces a very fast divergence of the iterative series caused by the crossings
of INJC(IZI) , and Hé?} Another approximate (but more sophisticated) integration scheme
was proposed in refs [17] and [15]. By using a discrete Fourier basis set: |p)
with (¢|p) = exp(i2nwpt/T) derived from the discrete time grid basis set by a FFT

transformation, a generalised RDWA approximation leads to:

<’Ul,p/|X(n+1)|UZ‘,p _ 0>

(') |(Hr = H)X® 4 H]| |, p = 0)
= o) — . (44)
(vi,p = 0|H }¢|vi, p = 0) — (v, p/[HM v/, p/)

Introducing (44) into the iterative scheme also produces a divergence, albeit slower
than the one produced by (43). Undoubtedly this defect comes from the fact that
equation (44) only uses an averaged H,y s, represented by the first Brillouin component
(p =0|Hcsf|p = 0), rather than the exact and strongly time-dependent expression.
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Finally it is crucial to verify that the global scheme gives the correct results by
a comparison with some continuous wave-packet propagation algorithms. We first
compare our results with those obtained for the same system by using a split operator
[7] procedure by separating the role of the diagonal unperturbed Hamiltonian and
the role of the laser-molecule coupling. This last contribution is not diagonal and its
role is approximated by using a Second Order Differencing (SOD) scheme. We also
calculate the same dynamics using the short iterative Lanczos (SIL) method [8]. To be
significant, the same vibrational basis set of IV, = 60 states is used in the continuous
propagations (for the SIL propagations, the size of the Lanczos subspace was set up
to 10). A convergence factor is defined as

0.011 -
!\
..
0.0001 | R
8
o
& 1e-06 R
©
o
C
87 1e-08 Lanczos R
g
s . .| X\ T AT
8 1e10F ~ .
Split operat
1e-12 1 plit operator
Global method
1e-14 E
1000 10000 100000

Number of time steps

Figure 14. Convergence factors F¢ and F¢ defined in equations (45) and (46)
for the global method (circles), the short iterative Lanczos scheme (triangles) and
the split-operator algorithm (squares) using the field parameters of equation (39)
(O, A and o) and of equation (40) (M, A and e), as a function of the number of
time steps.

Ny
Fo(Ne) =Y 199N (i, tginar) — Q9% it pinar) (45)
i=1
QG409 g the wave operator calculated at the final time using the global propagator
with 4096 time grid points after 22 iterations and Q¢ is the wave operator
reconstructed by using equation (4) after a complete propagation with the continuous
propapagators with N time steps. To show the convergence of the global method itself
we have also computed a similar convergence factor between global results,

N,
Fa(Ne) =D 199N (i tinar) — Q9512 t pimar) - (46)

i=1
Figure 14 shows the evolution of F- and Fg with respect to the number of discrete
time steps. This figure reveals that the three procedures converge to the same final
values (same amplitudes and same phases). Figure 14 also confirms that the number
of time steps needed to converge to a given accuracy is much smaller with the global
scheme than with the continuous schemes. The convergence is faster for the first pulse
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than for the second one. The number of time-steps of length dt for the continuous
integrator is quite large especially if a high accuracy is needed. The CPU time needed
to compute 6X (™ (equation (18)) at a given iteration order is of course much larger
than that required to construct one step in the continuous algorithms. Nevertheless
the convergence plateau in figure 7 are reached after only 22 iterations. With the field
parameters of equation (39), passing from iteration 22 to iteration 23 indicates that
the transition amplitudes are converged with 7 stable and significant digits. More
detailed informations about the CPU time are given in table 2 with varying required
accuracies. This table shows the ratio between the CPU times required to reach a
given threshold of convergence using the global or the continuous strategies, using the
convergence factors Fg and Fe defined in (45) and (46). The results of the global
method have been observed after 22 iterations. The continuous algorithms are faster

Convergence factor < 1076 10=8% 10-10 10~'2 10~ ™

Stable digits ~ 3 4 5 6 7
TEPY ) TSEY 3.83 3.1 0.775 0.757 0.211
TEPY |TSTY o, 153  6.52 331  1.62  0.912

Table 2. Approximative ratios of the CPU times required to reach a given
convergence threshold between the global (G) and the continuous methods (SIL
or split-operator), for example of equation (39). The corresponding number of
significant digits on the largest transition probabilities are also given.

if a low accuracy is sufficient. The SIL algorithm and the global method then give
comparable CPU times for intermediate accuracies, while the split operator stays a
little faster. The global method becomes slightly faster if a high accuracy is desired.

5. Conclusion

The theoretical analysis and the simple illustrative examples presented in this paper
demonstrate that a short global iterative scheme can solve the time-dependent
Schrédinger equation with an explicitly time-dependent Hamiltonian operator. This
global method is competitive with a continuous step by step algorithm. The following
points should be highlighted:

i) A global integrator does not accumulate discretization errors along the
time interval and consequently can generate high precision results. The numerical
experiments have shown that each new iteration order increases the precision by
one order of magnitude. The structure of the algorithm also allows for a rigourous
estimation of the error associated with each iteration order by following the quantity
HpQ) — QH(), the calculation being stopped when the expected accuracy is reached.

ii) The use of an FFT procedure to calculate the numerous time integrals appears
as a very efficient choice which is compatible with producing a highly accurate solution
to the Schrodinger equation. Nevertheless it is essential that the Fourier spectrum of
the perturbation should be well reproduced by the Fourier basis set and it is certainly
more difficult to solve problems with broader spectra.

iii) The global iterative scheme does not introduce limitations concerning the
nature or the structure of the Hamiltonian which drives the dynamics. Future
applications could usefully be aimed at checking how well it can reproduce dissipative
dynamics.
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iv) The inability of previous global iterative techniques to determine the time-
dependent wave-operator for similar problems is partly due to a wrong estimation of
the effective Hamiltonian acting in the selected model space. In the selected examples
H_f5(t) exhibits large oscillations which must correctly be taken into account.

v) In the present applications the starting input for the wave-operator is simply
X (=1 = 0. The iterative nature of the method makes possible a rapid generation
of new solutions, after a slight modification of the Hamiltonian parameters, by
simply starting with the wave-operator obtained from the previous solution. Many
applications are possible, among which we can mention the study of laser control
processes using exceptional points of parametric Hamiltonians [34, 35, 36, 37] or of
vibrational cooling using zero-width resonances [38].

The algorithm proposed in this paper appears to be useful for investigating new
formulations of quantum control in molecular physics or for treating complicated near-
adiabatic evolutions, for which the use of an effective Hamiltonian can efficiently reduce
the dimension of the Hilbert space [39]. The global algorithm add the time as a
new quantum coordinate, which can be a disadvantage to compute the dynamics of
high dimensional problems over long times. On the other hand the method is not
dependent on the structure of the Hamiltonian as it can be the case for the split
operator algorithm or Magnus expansions. The wave operator approach is in principle
transposable to dynamical processes like dissociation, ionization, dynamics involving
degenerate eigenvalues or non-adiabatic interactions. For dissipative processes, a
special difficulty can appear in situations for which the dynamics escapes too far
from the selected model subspace. In such cases, the algorithm can diverge. The
best option is to generalise the iterative algorithm of section 2 to handle a degenerate
active space, by incorporating all the states which are strongly coupled into the model
space. Study of this generalisation is in progress, as the adaptation of the algorithm
to the calculation of Floquet eigenstates.
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Appendix A. Numerical FFT integration

Appendiz A.1. Integration of periodic functions
Consider equation (26),

1 ; +oo F 2imvt
I(t) = =F(0) — iPV/ Ew)e™ (A.1)
o v
where F(v) is the Fourier transform of f(¢). If the function f(¢) is assumed to be non-
zero only over a finite interval [0, T'], then a discrete finite time-grid can be introduced
to span this time-interval and also the corresponding finite frequency representation.

For even N we have:
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J . N
Vj :T’jzo,...,§_1,
N
UN/2 = o
N
vj Z—VN—jaj=§+1a---vN_1' (A-2)

If the time ¢ and frequencies v are selected as one of the points of the above discrete
grid, a discrete version of the integral can be computed. The continuous Fourier
transform is approximated by a discrete Fast-Fourier Transform (FFT):

+o0 )
/ f(t) 72z7rvktdt _

/ f(t)e 2mvetdt ~ \/_FFTk(f) (A.3)

where

FFT,(f Z fie i2mik/N (A.4)

with f; = f(t;). The integral in equamon (26) is then apparently approximated by
the sum

1T
SN

However, the passage from the continuous expression (26) to the FFT equivalent
(equation (A.5)) has not been carried out with sufficient rigour, since there is a
division by 0 for £ = 0 in (A.5). We must adjust the term ¢ = 0 before doing
the inverse transform. The use of a Cauchy principal value and the presence of a
singularity in (26) at v = 0 if F/(v = 0) # 0 are inconsistent with the use of a Fourier
series expansion. The equations should thus be modified to take into account this
discrepancy. However, we can preserve the feature that only two Fourier transforms
are required to obtain the integral.
The calculation of the N integrals I(t;), j =0,..., N —1 is made as follows. The
Fourier transform FFT(f) is first calculated and then a new function f(¢) is defined:
() = £(0) = Z=FFTica(). (4.6)
Both f and f have the same discrete spectrum, except for the £ = 0 component, which
for f is equal to zero, so that the integral of f(t) over the interval [0, T] is equal to zero.
This is equivalent to using a translation of the ordinate axis. We work temporarily
with f instead of f. We assume that the spectrum F(v) (equal to zero for v = 0) has
a Taylor expansion near v = 0:

1(t;) = o)~ o fZFFTf PN (A5)

F(V):cw—i—buQ—i—...

We are looking for the finite coefficient a = 111% F,(jl'), so as to apply equation (A.5)
v—

at £ = 0 in a consistent way. The divergence produced by the term v, % for =0
in (A.5) has disappeared but the value of a is still unknown. One can guess it by



A short iterative scheme within the wave operator formalism 23

requiring that I(tp = 0) = fOO f(t)dt = 0. Equation (A.5) in this case leads to the
value
N-1
a=—> uFFT(f), (A7)
=1

where p. FFT(f) denotes a component by component vector multiplication, with

=L ¢=1,...8-1
— 2w £ ) 2 ’ A.

e {w_LN (=X N-1. (4.8)
This value of a replaces the £ = 0 component of (u.FFT(f)) in equation (A.9) below.
So far we have ignored the zero frequency component of the function by working with f
instead of f. The final result should then be corrected by a linear correction function,
giving

j T

I(t;) = FFT; \(w.FFT(f)) + % X = FFTicolf). (A.9)
The first term on the right hand side represents the integral of f at the discrete time
values t; and the second term restores the correct value of fotj f(t)dt. Equations (A.9),
(A.8) and (A.7) are the basic equations needed to calculate the N integrals I(¢;) using
two FFT calls (with a computational cost scaling as 2N log N).

The above equations have close similarities with those of the FFT-based
integration algorithms proposed in ref. [20, 21] in the framework of image resampling.
The derivation starting from (26) emphasizes the difficulties introduced by the Cauchy
principal value term for small frequencies. Here the principal value integral is
approximated by first cancelling F(v = 0) and guessing its first derivative at v = 0 in
a consistent and unambiguous way. Our expressions also work well for functions with
integrals over the interval [0, T] which are not necessarily equal to zero.

Appendiz A.2. Integration of non-periodic functions

In the algorithm developed in section 2 the smoothness of the wave operator and
the wavefunction at the time boundary ¢ = T is ensured by the presence of a time-

dependent absorbing potential (cf. section 2.2). However the intermediate matrix

elements of He(?}(t) and f{c(l?a) .1k (t) to be integrated are not necessarily T-periodic.

FFT-based differentiation and integration algorithms are very accurate but suffer from
boundary effects (Gibb’s phenomenon). The present algorithm will give accurate
results only with periodic continuous functions, ideally those with time derivatives
which are themselves also continuous functions. There are different ways of adapting
a Fourier-based algorithm to deal with non-periodic signals. For example, extension
methods have been developed to solve partial differential equations on a complex
domain [22, 23], to represent surfaces of complex bodies [24] and to treat imaging
problems [20].

Here we use the alternative procedure of Hermite interpolants to ensure the
continuity of the function f(t) and of the first derivatives [25]. Let f(¢) be a complex
continuous L? function defined on a large time interval [0,Tp], and represented by
a sample of Ny equally distributed values f(¢;), t; = jTo/No, j = 0,...,No—1
on this interval. The procedure described in (A.6) has been applied to f(t) so that
FFTy—o(f) = 0. As the function f(¢) is assumed to be continuous with continuous
first and second derivatives inside the interval [0, Tp], the principal problem is to ensure
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continuity at the boundaries. Let f(0), f'(0), f”(0) and f(Tv), f'(To), f”(To) be the
values of the function and of the first two derivatives at the two boundaries. It will
be impossible to obtain accurate results if these values do not match. One can extend
the time interval by adding a narrow extra interval [Ty, 7] spanned by an extension of
the grid ¢; = jTy/No, j = No,...,N — 1 and then constructing on this new interval
a 6" order polynomial:

6
£ = Y a1 (A1)
j=0
Seven conditions are imposed on the polynomial. The first three are related to the
continuity of f(¢) at the point ¢; = Ty and give the first three coefficients a;:

ao = f(To),
ay = fI(TO), (All)
as = f"(To)/2.

The three values on the right hand sides of (A.11) are known exactly if the function
f(t) has an analytical expression. Alternatively, the derivatives can be approximated
by a FFT algorithm if f(¢) is known at a sample of Ny values. The last four coefficients
are related to the continuity between t = T and t = 0 of f(¢) and to the condition

Sy F(tydt = o

f((T)) f(O(%)
f1(T) = f(0),
f”(T) _ fll(()), (A.12)

S F(t)dt = 0.

With A = T —Tp, the last four unknowns are found by solving the small linear system:

A3 A4 A5 A8 as
3A2  4A3  5AY  BA® as
6A 12A% 20A3 30A*% as
A A® AS A7

T 5 & a a6

f(O) —ag — alA — G/QAQ

f/(O) — a1 — QGQA
- 10) - 205 (A.13)
_G/OA — al%Z — ag%s

Note that the last (integral) condition (A.12) is not absolutely necessary and can be
relaxed by first defining the above polynomial and then applying the zero-integral
condition on the whole interval using equation (A.6).

In summary, the FFT-based integration algorithm is implemented using (A.7)-
(A.9), completed by a preliminary treatment on the additional interval [Ty, T using
(A.10)-(A.13).
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