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A renormalized potential-following propagation algorithm
for solving the coupled-channels equations

Tijs Karman, Liesbeth M. C. Janssen,? Rik Sprenkels,! and Gerrit C. Groenenboom-?
"Theoretical Chemistry, Institute for Molecules and Materials, Radboud University Nijmegen, Nijmegen,

The Netherlands

2Department of Chemistry, Columbia University, 3000 Broadway, New York, New York 10027, USA
(Received 16 May 2014; accepted 21 July 2014; published online 8 August 2014)

We derive a general renormalized potential-following propagation method that efficiently solves the
coupled-channels equations. The step size is variable, the method is compatible with reactive bound-
ary conditions, and the algorithm may be combined with other renormalized algorithms, such as
renormalized Numerov. We diagonalize the coupling matrix and consider piece-wise constant and
linear reference potentials. The constant reference potential algorithm is very simple to implement,
yet for multichannel problems almost as accurate as the linear reference potential method. The ap-
plicability of the proposed algorithms to realistic problems is demonstrated for cold collisions of NH
radicals. The renormalized approach has the advantage of producing wave functions in a straight-
forward way, which is illustrated for a shape resonance in NH-NH collisions. These scattering
wave functions can be used to study ultracold photoassociation and near-threshold photodissociation.
© 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4891809]

. INTRODUCTION

Molecular scattering is described time-independently by
the coupled-channels equations, i.e., by a set of coupled
second-order differential equations in the intermolecular dis-
tance, R, where the first derivative is absent. To ensure
numerical stability, one typically propagates derived quan-
tities, rather than propagating the solutions of the equa-
tions directly."-? The most widely used formulations are log-
derivative and renormalized propagation.®* In log-derivative
algorithms, one propagates Y, the ratio of the wave function
and its first derivative, W' = YW. In renormalized methods,
one propagates Q, the ratio of the solution in two points, de-
fined by ¥, _ | = Q,;V;, where the subscript refers to the radial
grid point. Both approaches resolve the instability. However,
neither approach is computationally superior to the other. The
renormalized method has the advantage that it is very straight-
forward to reconstruct the complete wave function, once it is
known in one point, simply by repeated multiplication with
the calculated Q-matrices. Also, the Q-matrices can be used
to propagate integrals over the wave function along with the
wave function itself, which allows one to calculate matrix el-
ements without explicit reconstruction of many-component
wave functions.’

The accuracy of a method is determined by the level of
approximation that is used to derive recurrence relations. It
is convenient to distinguish between two types of approxi-
mations, namely, solution-following and potential-following
propagators.® As the name suggests, solution-following prop-
agators approximate the wave function, typically by us-
ing a truncated Taylor expansion of the solution. Potential-
following algorithms approximate the potential by a simple
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form, and propagate in terms of the exact solutions to the
coupled-channels equations for the approximated potential.
Typically, solution-following methods are efficient around the
minimum of the potential, where the potential varies rapidly.’
Asymptotically, however, the propagation step size is limited
by the finite de Broglie wavelength of the solution. Potential-
following methods become more efficient and asymptotically
exact, as the potential becomes constant in the long range.

The original renormalized Numerov algorithm is a
solution-following method that uses an equidistant grid in
the radial coordinate, R, and a Taylor expansion of the so-
lution up to fifth order in the grid spacing.!:? This method has
been improved upon by Thorlacius and Cooper® by summing
the Taylor series to infinite order, with approximations that
are exact in case of a constant potential. Colavecchia et al.'”
have combined the enhanced renormalized Numerov method
with a smooth variable discretization, that allows one to use
an adiabatic basis without including derivative couplings. A
generalization of the renormalized Numerov method to non-
equidistant radial grids has been presented by Vigo-Aguiar
and Ramos.!" The original log-derivative propagator is also
a solution-following algorithm.!?> For log-derivative propa-
gation, more efficient solution-following propagators exist,
such as constant reference potential type improvements,'? and
the symplectic log-derivative propagators.'® There also ex-
ist potential-following log-derivative algorithms that approxi-
mate the potential by constant or linear segments.® 416 How-
ever, a renormalized potential-following propagator does not
yet exist.

Potential-following algorithms are computationally very
efficient for scattering calculations where one has to propa-
gate to large distances. This is the case, e.g., for collisions
of polar molecules, with strong long-ranged dipole-dipole
interactions,!” especially in the case of cold and ultracold

© 2014 AIP Publishing LLC
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collisions.'®!'? For such calculations, one could use existing
log-derivative propagators.® However, a renormalized method
has the advantage that it is straightforward to calculate scatter-
ing wave functions. This is useful for the analysis of scattering
resonances in cold collisions.?*?! Scattering wave functions
for ultracold collisions are also required to describe near-
threshold photodissociation,””?* and photoassociation of ul-
tracold atoms.?*

In this work, we present a general method for renor-
malized potential-following propagation. The step size is
variable, and the method may be combined with solution-
following algorithms in the short range. We explicitly con-
sider piece-wise constant and linear approximations to the po-
tential, which yield renormalized analogues of existing log-
derivative propagators. Implementations of these algorithms
are made available in the supplementary material as Scilab
and Matlab scripts.>> The general theory is derived in Sec. II.
The boundary conditions for scattering calculations are given
in Sec. III, whereas some practical aspects of the calculations
are discussed in Sec. IV. The results of test calculations are
presented in Sec. V. The centrifugal barrier problem is consid-
ered as a model system, and the applicability of the proposed
methods to realistic problems is demonstrated for cold colli-
sions of NH radicals. We also calculate scattering wave func-
tions for shape resonances in cold NH-NH collisions. Section
VI contains concluding remarks.

Il. THEORY
A. Renormalized propagation

We seek the numerical solutions of a time-independent
radial Schrédinger equation

[ #? dzR AL+ 1)

B 2 R?

2R dR? + V(R)] ®(R) = E®(R).

(1)
Here, R is the interparticle distance, £ is the partial wave quan-
tum number, u is the reduced mass, V(R) is the interaction, #
= 1 a.u. is the reduced Planck constant, and E is the scattering
energy. We define W(R) = R®(R), which satisfies the simple
differential equation

v =Wy, 2)
where the prime denotes differentiation with respect to R and

L +1
)
R2

+2u(V — E). 3)

First, the radial coordinate is discretized into a grid of
points {R;,i = 0, 1, ..., n}. The simplest method to solve
this differential equation numerically, is to take this grid to be
equidistant, with spacing A, and to approximate the second
derivative of the solution by finite differences
o — Vi =29+ v,

1 AZ
Here, and in the remainder of this work, subscripts denote
evaluation in a grid point. This relation can be used to deter-
mine the solution in the point R if it is known in the two

+OAN) =W, ¥, (4

i+ 1
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previous points
= (AW, + 20, — U, _, + O(AY). (5)

The error that is made in each propagation step, the local er-
ror, is of order A*. However, the global convergence, the con-
vergence as a function of the number of steps on a fixed in-
terval, is of the order A2, and this approach is said to be a
second-order algorithm.?®

One can improve on this, starting from a Taylor expan-
sion of the wave function around the center grid point, up to
fifth order in A,

A? A3
Wi =W £ AW+ U ?xpl@
A4 AS
+Iw§‘” + ?\1155) + O(A%), ©)

with W™ denoting the nth derivative of W with respect to R.
Adding these expansions for the points R; | and R, _, all
terms odd in A cancel exactly, and one obtains

A4

Wiy + Wy =20+ A2+ WP+ 0. ()

One can solve this equation for ¥, , |, using

\Ili”:Wiqli’

WU W AW, W ®)
\P§4)=(W\I’);/= i—1 *i—1 Aizi i+1 Fi+1 +O(A2),
to obtain

AW\ SA2W,
voo=(1- = . (2 :
i+ ( 2 ) [( % )
Az‘/Vi—l 6
v, 1—T + O(A®). 9)

This algorithm is known as Numerov’s method.?’ For this al-
gorithm, the local error is of the order A, whereas global
convergence is of the order A*, thus this method is a fourth-
order algorithm.

The two methods sketched above are numerically unsta-
ble, since propagation through classically forbidden regions
may lead to numerical overflow and linear dependence of the
solutions."? These problems are eliminated by propagating
the Q-matrix, the ratio of the solution in two points, ¥, _
= Q,;¥,;, rather than propagating the solution itself. In order to
renormalize the methods derived above, we substitute W, _
= Q¥ and ¥, | = O;, +11\IJ,- into the recurrence relations,
and assume W, to be non-zero. This yields the renormalized
finite-differences method,

0y =Q+ AW, —0)7", (10)

and the renormalized Numerov method

10A%W, AW, -
== i (1= i—1 )
Ql+l [ + 12 ( 12 > Ql:|

AW,
x (1 - T“) (11)

1
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To cast the above results into a more general form, we
note that any second-order differential equation has two lin-
early independent solutions, f{R) and g(R). Evaluating these
solutions in the three grid points provides a mapping between
the solution and a point in R*, f(R) — (f,_,, f;, f,,) and
g(R) — (g;_1» &> &41)- Since all solutions are linear com-
binations of the two independent solutions, the solutions are
associated with a plane in R3. The plane of solutions is char-
acterized by its surface normal (A®), B®, C”), which can be
determined as the cross product of the vectors associated with
f(R) and g(R), as

@) _ @ @) @ (@)
Al f gt+l ft-ng ’

B® — @ @) @ @)

V=g — fili8i (12)
cH — f(l) @ f(l)g(l)

This means that one can always find A, BY, and C?”, such
that any solution satisfies

AP, +BYY, +CcPv,,, =0. (13)
Then, one can propagate Q exactly according to
0,11 =—(AVQ; + BV~ 1c®. (14)

The difference between methods is how A®?, B®? and C? are
approximated. For the finite-differences method, Eq. (10), one
has

AD = 1,
BY =24+ AW, (15)
CY=-1,
whereas the renormalized Numerov method, Eq. (11), uses
. AW,
A(z) = —1 i—1 ,
+ 12
4 10A%W,
BY =24 ——* 16
+ B (16)
) AZW.
CH = 14—
+ 12

Both the finite-differences and Numerov method are
solution-following algorithms, since they approximate the so-
lution, W, by truncating its Taylor expansion. Therefore, these
algorithms are convergent if the grid spacing, A, is small com-
pared to the length scale at which the solution varies. How-
ever, it may happen that the length scale at which the poten-
tial varies is in fact much larger than the length scale of the
solution. In this case, it will be more efficient to approximate
the potential instead. This leads to a potential-following algo-
rithm, where one propagates in terms of the exact solutions of
an approximated potential.

B. Potential-following propagation

The basic strategy to develop a renormalized potential-
following propagator is the following. We approximate W(R),
Eq. (3), on the interval [R; _ |, R; . ] by a sufficiently simple
form, the reference potential, WV (R). Within this approx-
imation, the two linearly independent solutions, f(R) and

J. Chem. Phys. 141, 064102 (2014)

—— Three—point constant
/ - - - Piece—wise constant
/ - — Piece-wise linear

Ro R, R, R3 R,

FIG. 1. Three choices of the reference potential, where the vertical dotted
lines mark the radial grid points.

g?(R), are known analytically. With two independent solu-
tions known, one may determine the plane of solutions, and
propagate in terms of these solutions using Eq. (14). We stress
that the reference potential also contains the collision energy
and the centrifugal term, and not only the interaction, V(R),
as the term reference potential may suggest.

Rather than using the cross product, Eq. (12), we use

@) (@) @@ (@)
(l) f 8it1 — ft+1g1

@ @) @ @

Jis18&21 — fili8it

@ @ @) (l)
0] fii&i — fi 8-
@ ) ® (z) ’
Jix1821 — fit18im
and take B?”) = 1. With this choice, the algorithm contains one
fewer matrix multiplication, but this could in principle lead to
numerical problems if B”) = 0. However, such problems were
not observed in any of the test calculations reported in Sec. V.
Note that this strategy does not require one to use equidistant

radial grids; that is, the step size is variable.
We use a piece-wise definition of the reference potential

AD —

(17)
ch —

W(i—l,i)(R)

i if R < Ri’
WOR) = {W(i.H—l)(R)

it R > R,, (18)
and subsequently approximate W *D(R) by a simple ana-
lytical form for each unique two-point interval. Explicitly, we
will consider the piece-wise constant and piece-wise linear
approximations. The definitions of these reference potentials
are illustrated in Fig. 1. The analytic solutions for constant
and linear reference potentials are the trigonometric and Airy
functions, respectively, and the algorithms are expected to be
second and fourth order.® In Appendix A, we treat the eval-
uation of A?, B?, and C for piece-wise defined reference
potentials, and list explicit expressions for the piece-wise con-
stant and linear reference potentials.

One can think of a reference potential which is defined
on each three-point interval, rather than on each two-point
interval. However, such reference potentials are not single-
valued, as is illustrated for a three-point constant reference
potential in Fig. 1. In the case of an equidistant radial grid,
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the three-point constant reference potential algorithm reduces
to the enhanced renormalized Numerov method of Thorlacius
and Cooper,” as is shown in Appendix B.

C. Multichannel case

Here, we generalize the methods to the multichannel
case, where the time-independent Schrodinger equation takes
the form

#?  d? 2
L
2R dR? + 2 R?

+V(R, w) + Hasymp(w):| ®(R, w)
= E®(R, w). (19)

The interaction, V, depends on the separation, R, and all re-
maining coordinates, e, and it vanishes for R — oo. The sum
of the Hamiltonians of the fragments is denoted by H,,,..
The wave function is expanded in a set of channel functions,
{¢,(w),p=1,2,...,N}, as

N
@, (R.w)=R"D ¢, (@)W, (R), (20)

p=1

where g labels the independent solutions as discussed in Sec.
III. In practice, the channel basis is often truncated, see Sec.
V B for an example. The matrix of expansion coefficients, ¥,
satisfies the set of coupled second-order differential equations

" = W, 1)

Here, W is a Hermitian matrix, with elements
7”2

m R2+V+H

asymp

W, =210, — Elg,). (22)

Again, the radial coordinate is discretized into a grid of
points {R;,i =0, 1,...,n}, and Egs. (13) and (14) are gener-
alized to

A, |+ BOW, + COW,, =0,
_ , , (23)
Qi+1 — _(A(t)Qi + B(l))—lc(w'

Next, we employ a locally adiabatic approximation.® That is,
we diagonalize the W-matrix with a unitary transformation,

Wy =vtwdu®, (24)
and we assume this transformation, U®, to be constant over
the three-point interval ranging from R;_ | to R;, ;. That
is, the W-matrix is diagonal in the locally adiabatic basis
{ X(l) (w)}, where the pth basis function, X;f)(w), can be ex-
pressed in the primitive basis, {¢,(w)}, as

N
Xp (@) =Y ¢ (@)U}, (25)

r=1
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We denote the remaining relevant quantities in the basis
(x5 (@) as

AD = gt gy ®,

BY = ywigoyW,

A

B

C U(i)Tc(i)U(i)’
(26)

g

U(I)Jrg(’)
<l> U(t)T\I,

whereje {i — 1,i,i+ 1}.

In the locally adiabatic basis, { X(')(a))}, the W-matrix is
diagonal, and the differential equations decouple. Therefore,
the problem reduces to a series of single-channel problems.
This means that the matrices f (]) g A(') B(') nd € are
diagonal, and the diagonal elements can be determined as for
the single-channel case.

Each adiabatic potential, corresponding to a diagonal el-
ement of the W-matrix, WJ',L(R), is approximated by a sim-
ple reference potential. Denoting the independent solutions
for adiabat a on interval i as f‘i D(R) and g Y(R), we have for

the diagonal elements of A B(l) nd C (’)

f(l ,a) (i,a) fl(l a)g(l ,a)

A0 _ 8it1 — Jif1 &
@4 (ia) (i.a) (i,a) (i,a)’
Jis1 &0 — FiZ1 &
B, =1, 27)
(i,a) (i,a) (i,a) (z a)
co fich - fi
a,a —

(i,a) (l a) (i,a) (z a)
fl+l gl 1 f 1 gl+1

Explicit expressions for A(a' « and C% are found in Appendix
A for piece-wise constant and linear reference potentials. Fi-
nally, we transform back to the primitive basis, {¢ » (w)}, using
the inverse of Eq. (26),

AD = yOZz0yot,
B =1, (28)
¢ = gy,

and propagate the Q-matrix according to Eq. (23).

Since the renormalized propagation algorithm propagates
across three-point intervals, there is a subtlety involving the
locally adiabatic approximation. Each two-point interval oc-
curs in two successive propagation steps. In each of these
steps, the potential is approximated differently, as it is as-
sumed to be diagonalized by a transformation that depends
on the three-point interval, Eq. (24). In potential-following
log-derivative propagation, one propagates across two-point
intervals,? such that this issue is never encountered. In numer-
ical applications presented in Sec. V, we find that this issue
does not affect the accuracy, as log-derivative and renormal-
ized algorithms with the same reference potential are equally
accurate.
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lll. BOUNDARY CONDITIONS

The solution of the time-independent Schrodinger equa-
tion depends on the boundary conditions, which are given in
this section. The requirement that the wave function, ®(R), is
finite at R = 0 yields

W(R =0) = 0. (29)

This leads to the boundary condition @, = 0. In practical ap-
plications, one may impose the same boundary conditions for
some R, > 0, if R, is sufficiently small such that the potential
is strongly repulsive and one may assume the wave function
to vanish.

At asymptotically large R, one may impose the scattering
boundary conditions

) (M
®,(R.0) ~ Y0, @)1k, R)5,, + 1}k, R)S,,,].
p

(30)
where {¢,(w)} is a basis of simultaneous eigenfunctions of

I:Iasymp and £2, with eigenvalues € , and hzﬂp(ﬁp + 1), respec-
tively. The spherical Hankel functions of the first and second

kind are denoted 2" (x) and hf) (x),?® and the Kronecker delta
is given by
1
8pg = {()

The wave vectors are given by kp = % 2U(E — € ) The ele-
ments of the unitary scattering matrix (S-matrix) are denoted

S,4- The S-matrix usually is the quantity one is interested in,
as observables such as collision cross sections and rate con-
stants can be determined from its elements.

The S-matrix is determined from the Q-matrix in the
last gridpoint, R,.? First, the Q-matrix is transformed to the
asymptotic basis, using

if p=g
. . 31
ifp#q 1)

Q, =U'Q,U,
(32)
U,, = ®,l¢0,)
We determine the K-matrix as
K= (Gn—l - QnGn)il(Fn—l - QnFn) (33)

In the above, F; and G, are diagonal matrices, whose elements
are related to the spherical Bessel functions for open channels

(F,)y; = 8,k Rj, (k;R,),

(34
(G),; = 8,k Ry, (R,),
and modified Bessel functions for the closed channels
(Fn)ij = Sij(kiR)I/ZIZiJrl/Z(kiRn)’
(35)

(G, = 8k R)'PK, 41 (ki R,).

J. Chem. Phys. 141, 064102 (2014)

The S-matrix is then determined from the open-open block of

the K-matrix, K, as
S=(1-iK)"'1+iK), (36)

with 1 a unit matrix and i the imaginary unit.

Finally, we note that one can also impose reactive bound-
ary conditions, where flux is allowed to escape in to reactive
channels at short range.'®?° The developed methods can be
used with these boundary conditions, but we will not consider
such calculations in this paper.

IV. PRACTICAL CONSIDERATIONS

Potential-following propagation is efficient if the poten-
tial varies slowly. In the short range of the potential, this will
not be the case, and solution-following methods such as renor-
malized Numerov may be more efficient. These two methods
may conveniently be combined, resulting in a hybrid algo-
rithm, which is efficient in both regimes. For the implementa-
tion, this means that the first Q-matrix, Q; in Eq. (23), is de-
termined by a solution-following method, rather than by the
boundary conditions, Eq. (29).

The performance of a potential-following method de-
pends not only on the functional form of the reference po-
tential, but also on how its parameters are chosen in each
interval. As argued by Alexander and Gordon, for a linear ref-
erence potential the optimal choice may be found by using the
exact potential at the two-point Gauss-Legendre abscissae.*”
For constant reference potentials, we use the exact potential
at the center of the interval.

In practical applications, matrix operations form the com-
putational bottleneck, as the required computational time
scales with the third power of the number of channels. In this
context, it is interesting to note that the locally adiabatic ba-
sis is independent of the scattering energy, which only shifts
the diagonal of the W-matrix. Therefore, the diagonalization
of the W-matrix does not have to be performed repeatedly for
successive energies, as long as computer memory permits the
transformation to the adiabatic basis to be stored.

The other required matrix operations are multiplications
and inversions. Our algorithm requires three matrix multipli-
cations and one matrix inverse per propagation step. We note
that an equivalent algorithm can be derived by propagating
in the adiabatic basis, as is done in Ref. 10. By storing the
energy-independent overlap matrices,

0i,i+1 — U(i)TU(H'l), (37)

and propagating a transformed Q-matrix, one can save two
matrix multiplications per step.'” In this case, the computa-
tional cost per propagation step is identical to that of renor-
malized Numerov."> 10

V. RESULTS

In what follows, we use the following designation for the
different algorithms. The renormalized algorithms with piece-
wise constant and linear reference potentials are denoted Qsin
and Qairy, respectively. The names refer to the linearly in-
dependent solutions, the trigonometric and Airy functions.
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These methods are compared to existing log-derivative prop-
agators, which use the same reference potentials. These are
denoted Ysin and Yairy.®

Implementations of Qsin and Qairy can be found in
the supplementary material,” along with test programs for
constant and linear potentials. Also included are an imple-
mentation of the renormalized Numerov algorithm,"2 and a
physical test problem, describing the collinear collision of
a hydrogen molecule with a helium atom.?' The programs
are available for Scilab,?? and the commercial alternative
Matlab.*?

First of all, it has been verified that the renormalized
potential-following algorithms yield the exact Q-matrix if
the potential equals the reference potential. The correspond-
ing log-derivative algorithms yield the numerically exact
Y-matrix for the approximated potentials. The Qsin and Ysin
algorithms are equivalent in the sense that they both yield
the exact solution for the same approximated potential, the
piece-wise constant reference potential. The same holds
for Qairy and Yairy, which use the same piece-wise linear
reference potential. We have applied our new algorithms to
both a single-channel and a multichannel scattering problem,
as described below.

A. Centrifugal barrier

A particularly convenient model system is given by the
single-channel problem in which the potential is given by
the centrifugal barrier only. That is, we take the Schrodinger
equation, Eq. (1), with V(R) = 0. The potential is physically
relevant, as it is the asymptotic form of any potential involv-
ing at most one charged particle. Furthermore, analytical so-
lutions in terms of spherical Bessel functions are known, thus
allowing for a rigorous test of our numerical results. Since it
is a single-channel problem, the locally adiabatic basis is not
an approximation. Hence, this calculation only tests the effi-
ciency of the reference potentials.

As a test case, we consider the d-wave scattering of two
nitrogen atoms at a collision energy of 100 cm~!. Thus, the
centrifugal barrier corresponds to £ = 2 and the reduced mass
is = pup/2 with py the mass of a '*N nucleus. Figure 2
shows the convergence of the S-matrix, as a function of the
number of steps on equidistant and logarithmically scaled
grids on the interval 0.001 g, to 100.001 a,,. The error is de-
fined as the norm of the difference between the obtained and
the exact S-matrix. The results of the constant reference po-
tential algorithms, Qsin and Ysin, which are equivalent as ar-
gued above, match closely. The same is true for the linear ref-
erence potential algorithms, Qairy and Yairy. On an equidis-
tant grid, the error of the second-order algorithm Qsin varies
as A2, Similarly, the error for the fourth-order algorithm
Quairy varies as A™*. On a logarithmically scaled grid, we
reach the same accuracy with an order of magnitude fewer
grid points, clearly demonstrating the advantage of a variable
step size.

B. NH-NH

To test the applicability of the reported methods to re-
alistic multichannel problems, we consider the scattering of

J. Chem. Phys. 141, 064102 (2014)
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FIG. 2. Error in the S-matrix for the centrifugal barrier problem, as a func-
tion of the number of steps on equidistant or logarithmically scaled grids. The
difference between renormalized and log-derivative algorithms is not notice-
able, hence we have dropped the labels Q and Y.

two '°NH radicals in field-free space at low energy. The long-
ranged dipole-dipole interactions combined with the low en-
ergy require propagation to large separation. In literature,
this problem has been treated with the Yairy algorithm, com-
bined with a short-range propagator, using the implementa-
tions available in the Molscat package.? In this calculation,
the NH monomers are treated as rigid rotors, and the channel
basis functions are labeled as |(j,jg)isgt; JM), where jy is the
total angular momentum of monomer X (X = A, B), obtained
by coupling of the rotational (N,) and spin (Sy) angular mo-
menta, j,, is the coupled angular momentum of j, and jg, J
is the total angular momentum of the collision complex, ob-
tained by angular-momentum coupling of j,, and partial wave
£, and M is the projection of J onto the space-fixed quantiza-
tion axis. The NH-NH scattering dynamics is assumed to take
place on a single potential-energy surface that corresponds to
total spin quantum number S = 2. For a more detailed descrip-
tion of the calculation, the reader is referred to the original
articles.' 19

We have repeated these calculations with the Qsin and
Qairy algorithms, combined with renormalized Numerov in
the short range.":> The short-range algorithm is used on the
interval 4.5-15 a,), and the potential-following algorithms are
used from 15 to 100 a,, see Sec. III for a discussion of the
boundary conditions. The same radial grids were used for
renormalized propagation and for propagation with the Yairy
algorithm in Molscat. Here, the channel basis was truncated
at partial wave quantum number £, = 4 and monomer ro-
tational quantum number N, = 2, and the calculation was
performed for J = 2 at an energy of 1 K. For odd parity and
permutation symmetry, the calculation thus involves 119 cou-
pled channels.

The convergence of the S-matrix is shown in Fig. 3. Here,
we define the error as the norm of the difference between the
current and most accurately calculated S-matrix. The norm of
the matrix is defined as the largest singular value. The fig-
ure also includes the convergence for the renormalized Nu-
merov method."? This method requires an order of magnitude
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FIG. 3. Error in the S-matrix for NH-NH collisions at E = 1 K, for odd parity
and permutation symmetry, and total angular momentum J = 2, as a function
of the number of propagation steps in the long range. The error is defined
in the main text. The radial grid for the potential-following propagators was
generated by Molscat, whereas renormalized Numerov uses an equidistant
grid.

more grid points to achieve reasonable convergence, thus il-
lustrating the advantage of potential-following over solution-
following methods in the long range.

It can be seen that the two types of Airy propagators give
almost identical errors, and for both algorithms the conver-
gence of the S-matrix is second order in the number of grid
points. The reason that convergence is no longer fourth or-
der seems to be that it is the locally adiabatic approximation
that is limiting the accuracy. The first-derivative matrix is not
diagonal in the locally adiabatic basis, and consideration of
its diagonal elements by the Airy propagators constitutes lit-
tle improvement. For practical applications to systems such
as NH-NH, constant reference potential algorithms, such as
Qsin, appear to be almost as accurate. The obvious advantage
of the constant reference potential algorithm is that it is much
simpler to implement.

An advantage of the renormalized algorithms is that the
Q-matrices they provide, allow for straightforward calculation
of the scattering wave function. To illustrate this, we show
the wave function for scattering from the |(j,jz)isptl; JM)
=|(11)21; 22) channel in Fig. 4, where each line corresponds
to a different channel. The entrance channel is shown as the
blue line which asymptotically has large amplitude. This fig-
ure also shows the scattering wave function, obtained after
scaling the reduced mass by 2.2%. These A-scans are used to
sample the sensitivity of the cross sections to scattering res-
onances. With this scaling we find a shape resonance, i.e., a
quasi-bound state trapped behind the centrifugal barrier. This
results in a scattering wave function with a large amplitude at
short range, as can be seen in Fig. 4.

Besides allowing one to analyze scattering resonances,
the reconstruction of scattering wave functions allows one to
calculate matrix elements over continuum states. This means
the methods developed can be used to describe photodisso-
ciation and photoassociation.?* It is also possible to directly
propagate matrix elements over the scattering states, without
their explicit reconstruction on the complete radial grid.’
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FIG. 4. The upper panel shows the scattering wave function for NH-NH
collisions from a |(j,jg)jsgt; /M) = |(11)21; 22) entrance channel at an en-
ergy of 1 K. The lines correspond to different channels. The blue line which
asymptotically has large amplitude corresponds to the entrance channel. The
lower panel shows the wave function for a shape resonance in the same chan-
nel, as found after scaling the reduced mass by 2.2%.

VI. CONCLUSION

We have presented a general theory for renormal-
ized potential-following propagation, and explicitly consider
piece-wise constant and piece-wise linear reference poten-
tials. The applicability of these algorithms to realistic prob-
lems has been demonstrated for cold NH-NH collisions. In
such applications, the accuracy is determined by the locally
adiabatic approximation, rather than by the form of reference
potential. Therefore, the constant reference potential algo-
rithm, which is simple to implement, yields almost the same
accuracy as the linear reference potential method.

The potential-following algorithms, derived in this work,
are especially efficient for problems where one has to propa-
gate to very large distances, e.g., cold and ultracold collisions
of species with long-ranged interactions. The step size is vari-
able, the method is compatible with reactive boundary condi-
tions, and the algorithm may be combined with renormalized
Numerov in the short range. The renormalized approach, op-
posed to log-derivative propagation, allows one to reconstruct
scattering wave functions in a straightforward way, and there-
fore to describe near-threshold photodissociation and pho-
toassociation of ultracold atoms.
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APPENDIX A: NUMERICAL EVALUATION

Numerical evaluation of Eq. (27) for the considered ref-
erence potentials may be difficult. Problems occur especially
for the linear reference potential in the case of a vanishing
slope. In this case, the arguments of the Airy functions be-
come increasingly large and more closely spaced. This invites
for evaluation through the known asymptotic expansion of the
Airy functions,?® but this is not straightforward since we are
considering a sector composed of two different linear inter-
vals. In this appendix, we therefore express Eq. (27) as much
as possible in terms of factors depending on the solutions on
each two-point interval. Next, we give explicit expressions for
the constant reference potential in Appendix A 1, and give
an asymptotic expansion for the linear reference potential in
Appendix A 2. The definitions of the reference potentials,
their linearly independent solutions, and the corresponding
Wronskians, W = fg’ — f’g, are listed in Table I. For no-
tational ease, we will suppress the tildes denoting that we
are considering a locally adiabatic potential, as well as super-
scripts ¢ and a, denoting the three-point interval and adiabat,
respectively.

On each three-point interval, we consider two segments,
ranging from the grid-points R; _; to R; and R; to R; | |, re-
spectively. On these two-point intervals, a certain reference
potential is assumed, and within this approximation, the lin-
early independent solutions on each interval are known. The
solutions are denoted a¥’, b, where j = 1, 2 labels the inter-
val. The linearly independent solutions on the sector consist-
ing of two such intervals are given by

~ [a™(R) [R,_;, R,

f(R)= {caa(z)(R) +¢,bP(R) (R, R, 1],
| (A1)

_ [p0m (R, 1, R,],

8(R) = {daa(z)(R) +d,bP(R) [R,, R, ]

The coefficients c,, c¢,, d,,, and d,, are found by requiring f, 1,
g, and g’ to be continuous at R,,. This gives

= 2 2 1 >
cy aff)b,(f)/ _ ai,z)/bﬁ,z) _a'(l ) af, ) le; )

(A2)

and analogously for d, and d,,.
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To evaluate Eq. (27), we consider its numerator and de-
nominator separately. For the numerator there are two cases,
corresponding to A and C?”. For the numerator in the ex-
pression for C% we find

Ju8not = Jas18n = X1, (A3)
and for A®)
Fo8uir = Juii 80 = (cdy —,d)X5, (A4
where we have defined
KE=all -l o9

where n is the center grid point of the three-point interval.
Evaluation of X ]i is numerically safe, as will be shown below.
The quantity in parentheses can be related to the Wronskians
of the solutions on both intervals as

wo

W (A6)

Cadb - Chda =

Evaluation of the denominator in Eq. (27) seems less
straightforward, as the functions involved are defined on dif-
ferent intervals. Upon insertion of the definitions (A2) and
analogues for d, ;,, one can express the denominator in terms
of factors involving the independent solutions on the same in-

terval. The result is given by

1 _ -
Jor18n1 = fuc18n1 = W(X;Yl —X7Y)). (A7)

where we have defined

+ _ Gy () ) .Gy
Y: =g by —ai, by,

(A8)

again with n the center grid point.
To be explicit, the diagonal elements of the required ma-

trices A" and C* are computed as

"o M X5
Adp=wWH _—=
M T
_ (A9)
Em _ )2 X,
S G E e

where the dependence on a and n, enumerating the adiabats
and three-point intervals, is implicit on the right-hand side.

TABLE I. Definition of constant and linear reference potential and their solutions.

Reference Functional form Independent solutions Wronskian
sin(/|WIR) W <0
Constant W(R)=W R)= W =—JIW
(R) a(®) [sinh(«/WR) W >0 W
b(R) cos(v/|WIR) W <O
" |cosh(WWR) W >0
Linear W(R) = Wy + W,(R — R,) a(R) = Ai[W,(Wy/ W, + (R — R))] W=l YW,

b(R) = Bi[W,”> (W,/W, + (R — R)))]
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1. Constant reference potential: Qsin

For the constant reference potential, evaluation of Egs.
(AS5) and (AB) is straightforward. For open channels, we find

Xj* = sin (\/W(Ri — Ri1y),

(A10)
YE = VIW0 cos (VIWDI(R, — R,.,)).
and for closed channels we have
in = sinh(v WU(R;, — R, 1)),
(A11)

in = VWO cosh(v WI(R, — R, ))).

2. Linear reference potential: Qairy

For the linear reference potential, Eqs. (A5) and (A8) can
be evaluated numerically using routines by Amos,* for small
arguments of the Airy functions. However, the argument will
become asymptotically large in the long range, as the slope of
the potential tends to zero. Therefore, we will evaluate Egs.
(AS5) and (AS8) using the asymptotic expansion of the Airy

functions.”® Defining A = W11/3(RiﬂEl —R), x= WonZ/S,
and d, = — %+l ¢, | the

— _2.3)2 _ _I'Gk+1/2) _
2=l ¢ = 35277 & = smarge 6k—1

asymptotic expansion for |A| small compared to z yields

1
X;l: — ZZ—]/Z(] + A/Z)_1/4

[expll + a/272 = 116} (Yo (=Dfee ™)
k
(Y acta+ame)
k
—expl—[(+ A/ = e} (Y e ™)
k
(Y vfacta+ram™2)) @
k
for positive arguments of the Airy functions, and
in _ lz—l/z(l N
T
{ —sin(t1 — /27 = 115)
[(Z(_l)kczk+1§_(2k+l)(1 _ A/Z)—3(2k+l)/2)
k

( Z(_l)kczk+1 57(2k+1)) + ( Z(_l)k%kgfzk)
£ K

(Y Dfens - a/7)]
k

+cos{[(1 — A /)Y — 1]¢}
(DD g0 = A fzy 44 072)
k
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( Z(—l)kCZkg—Zk) _ ( Z(_l)kczkﬂ ;—(Zk-&-l))
x

k
(Y- a7}
k

for negative arguments.
Similarly, we find expansions for in

(A13)

(T
Yi=— oW+ A/

{expll( +a/2 - 1e} (Yo (-1fde ™)
k

(e +n/22)
k
exp(—1(1+ A/ = 116} (Y de ™)
k
(Al14)

(Y faea+ a2
k

for positive arguments, and

Y =-wV1—-A/)"
{ costit = a2 — 11¢)
[(D—l)kczk:‘z"(l — A/z>—3k)
k
( Z(_l)kd2k§72k) + ( Z(—l)kdzkH 57(2k+1)>
k k
(DD ep @1 — a7 |
k

+sin{[(1 — A/2)** — 1]¢}
[(Z(_l)kczk+1§_(2k+l)(l _ A/Z)—3(2k+1)/2>
X

( Z(—l)kdzké'*zk) — (Z(_l)kdzkﬂgf(zml))
k k

(Z(—l)"cZkg“‘Zk(l - A/Z)—3k)i|],
k

for negative arguments. All the summations are rapidly con-
vergent for z >> |A|. Exponential and trigonometric functions
are required for small and accurately determined arguments
only, using

(A15)

(I+x)f =37 (];)xl

A+x)f—1=32, (),

i

(Al6)

for small x. Hence, evaluation is free of numerical problems.
In numerical evaluation, all the sums are truncated if the value
of a term drops below the value of the first term times the
machine epsilon.

Finally, we note that our approach is slightly different
from that used by Alexander and Manolopoulos, who con-
sider asymptotic expansion of the modulus and phase.’
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APPENDIX B: CONNECTION WITH ENHANCED
NUMEROV

Instead of considering a reference potential with a piece-
wise definition, one could assume the reference potential con-
stant over each three-point interval, W(R) = W%, In this
case, the independent solutions are the (hyperbolic) trigono-
metric functions of argument /|W®|R. The space of solu-
tions is defined by

sin(y/IWOI(R R, )
sin(y/IWOIR, ,~R,_,)

sinh(vVWO(R,~R, )
sinh(vVWO(R,, —R,_))

i—1
BV =1, (B1)

sin(/IWOI(R,_, —R,)
sin(y/ [WOIR,, —R, )

sinh(vVWO(R,_ —R.))
sinh(v/ W‘i)(Ri+lfRi71))

if W <o,

ADO —

if W& > 0,

itw® <0,

i —
if WO > 0.

If we choose the grid to be equidistant with spacing A,
this simplifies to

1 i @)
—L— it W <0,
, , —2cos(4/|WD|A)
AD =P = (B2)

1 (i)
—2cosh(w/ WD A) if Wi/ > 0.

We note that this is equivalent to the enhanced renormalized
Numerov method of Thorlacius and Cooper,’ a fourth-order
solution-following algorithm that becomes exact for constant
potentials. Numerically, we found that the order is close to
two, if non-equidistant grids are chosen.
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