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Abstract

A Kantorovich approach is used to solve for the eigenvalue and the scattering
properties associated with a multi-dimensional Schrédinger equation. It is
developed within the framework of a conventional finite element representation
of solutions over a hyperspherical coordinate space. Convergence and
efficiency of the proposed schemes are demonstrated in the case of an exactly
solvable ‘benchmark’ model of three identical particles on a line, with zero-
range attractive pair potentials and below the three-body threshold. In this
model all the ‘effective’ potentials, and ‘coupling matrix elements’, of the set
of resulting close-coupling radial equations, are calculated using analytical
formulae. Variational formulations are developed for both the bound-state
energy and the elastic scattering problem. The corresponding numerical
schemes are devised using a finite element method of high order accuracy.

1. Introduction

One of the most popular and widely used approaches for solving the quantum-mechanical
three-body problem, with pair Coulomb and short-ranged interactions, is the adiabatic
representation method [1-5]. In the framework of the hyperspherical coordinates formulation
of this method [5—11], the hyperradius p is treated as a slowly varying adiabatic variable,
analogous to the internuclear distance in the Born—Oppenheimer approximation for molecules
[1]. From the mathematical point of view, this approach is well known as the Kantorovich
method (KM). It enables the reduction of a boundary value problem for a multi-dimensional
Schrédinger equation (MDSE), to a one-dimensional one, by using a set of solutions of an
auxiliary parametric eigenvalue problem [12]. An essential part in the implementation of the
KM is the computation of variable coefficients, so-called, the effective potentials and coupling
matrix elements for the final system of the ordinary second-order differential equations [10].
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These coefficients are the eigenvalues and integrals over surface eigenfunctions of the auxiliary
eigenvalue problem and their derivatives with respect to the adiabatic variable. In real
applications, an efficient and stable computation of derivatives of the adiabatic eigenfunctions
and the corresponding integrals with the accuracy comparable with the one achieved for
adiabatic eigenfunctions presents a serious challenge for most of the numerical approaches
involved in various types of calculations within the adiabatic representation method. In order to
eliminate derivatives of the adiabatic surface eigenfunctions in hyperradius, the sector adiabatic
approach is widely used. The price for using this approximation is a slower convergence of
the adiabatic basis and therefore a larger number of hyperradial equations to be solved in order
to get the required accuracy of the S-matrix elements [11].

A new calculation method [13] for the matrix elements of the radial coupling potentials
within the KM to the required accuracy, allows one to use them in both the bound states
and scattering calculations of three-body problem with realistic potentials such as the pair
Coulomb potentials. In the same work the benchmark calculations of the ground-state energy
of the helium atom and negative hydrogen ion were performed. Efficiency of the KM has
been shown recently [14] in high-accuracy calculations approximately 12 significant digits of
low-lying excited states of a hydrogen atom in a strong magnetic field. Applications of the
method to scattering problems should also be very useful and promising.

The main idea of this paper is to formulate the KM to solve the eigenvalue and scattering
problems for MDSE. In this method, the multi-dimensional boundary problem is reduced to
a system of second-order ordinary differential equations with variable coefficients on a semi-
axis by means of expansion of the solution in a set of orthogonal solutions of an auxiliary
parametric eigenvalue problem. A finite element method (FEM) is then applied to construct
a stable numerical iteration scheme, yielding a solution of the corresponding boundary value
problem (for the system of ordinary differential equations) with an arbitrary specification
in the ‘space’ step. Note that the various versions of FEM have been applied successfully
in calculations of molecular dynamics and electronic structure for bound states [15, 16]
and scattering problems [17, 18]. However, the three-body scattering calculations with pair
Coulomb potentials are rather complicate in the framework of the KM, because the variable
coefficients in ordinary differential equations and in the corresponding solutions can have
asymptotic behaviours which are long-ranged [10, 11]. That is why one has to be very careful
in the formulation of the boundary problems under consideration.

As a benchmark, we consider, below, the known exactly soluble model of three identical
particles on a line, with zero-range attractive pair potentials, below three-body threshold,
discussed in [19-22]. In this model all the effective potentials and coupling matrix elements,
of a benchmark set of close-coupling radial equations, are evaluated explicitly. We construct
appropriate variational formulations [23] for both the bound-state and the elastic scattering
problems in the framework of the KM, using Rayleigh—Ritz’s and Hulthen’s variation
functionals [24, 25]. The corresponding stable numerical schemes are realized using FEMs
of high order accuracy [26-28]. We verify the accuracy of these schemes, and examine
their rate of convergence to the known exact results, as a function of the number of basis
functions.

This paper is organized as follows. In section 2 the KM is formulated for our ‘benchmark’
model—both for the multichannel eigenvalue and for the scattering problems in the infinite
domain. All the needed matrix elements are determined here by explicit analytical formulae.
The reformulation of both problems to involve a finite interval (i.e. not extending to infinity) is
performed in section 3. All the asymptotic expressions needed to determine the solutions, and
the unknown phase shift, from the variational iteration schemes, are presented. The high-order
approximations by the finite element method are formulated in section 4. In section 5, the
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numerical results obtained in the framework of the FEMs are discussed. In conclusion, we
look at the perspectives for further applications of this approach.

2. Statement of the problem

We consider three identical particles in the centre-of-mass reference frame (CMRF) described
by the Jacobi coordinates,

1 2
n=\f5<x1—xz), szﬁ(’%—m),

in the plane R?, where {{x1, x2, x3} € R¥|x| + x5 + x3 = 0} are the Cartesian coordinates of
the particles on a line. In polar coordinates

b4 g
n = pcosb, & = psind, —g<9<2n—— 0<p < oo,

6 9
the Schrodinger equation for the wavefunction W (p, 6) takes the form

19 0 1 92
=Ll N W(p,0) + V(p, 0)(p,6) = 2EW(p, 0), 1
bt | VOOV OV, 0) = 2BV, 0), (D)

where E is the relative energy in the CMREF. To obtain an exact solution which can be used

below for a comparison with the numerical results, we involve the sum of delta-functions for
describing the pair interactions with identical finite strengths. Thus, V (p, ) assumes the form

cos (9 — %Tn) ) R )

where ¢ = +/2ck, and & = 7/6 is the effective strength of the pair potential [19, 20, 22].
Further, we consider only the case of attraction (¢ = —1). In this case we have the bound
pair state ¢o(1) = /& exp(—#|n|) with the energy —eéo) =ic%, so that 2E = g% + e(go), where
q is proportional to the relative momentum of the third particle with respect to the bound
pair [20, 22].

Using a six-fold symmetric representation compatible with (2), we formulate the following
boundary problem corresponding to equation (1) in the case E < 0 [22]:

19 0 1 32
—[;%P%"';W] V(p,0) =2E¥(p,0), 3
with boundary conditions (6, < 6 < 6,41)

L3900 _ iy ek wio, ),
o 30 i=nn+l, 4)
Y (p, b1 —0) = W(p, Ops1 +0),

where 6, = ik (2n — 1), n = 0-5, and we need to satisfy additional radial boundary conditions:

. 0¥ (p,0)
lim p—— =
p—0 ap

1

Vip.0)=2¢ Y 8 (ﬁp

n=—1

07
_ 5)
P O)lpne = K (O)BY (03 0) + Fk.0), 5 exp(—kp).

Here B{*(p; 0) is the asymptotic surface function corresponding to ¢o(n) at large p (see
appendix A), F(k, 0) is a function of k = ~/—2E > 0 and the function x{*(p) satisfies the
following asymptotic conditions.
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For the bound state with 2E < €} = —2/36,at gp > 1

(o) = cZREAR) (o), ©)

where ¢ = g% = —¢*> = —2E + e(()o) > 0 is the (unknown) binding energy of the three-body
system and C is an unknown constant.

For the elastic scattering problem in the open channel 2E(g) > eéo), ie.for0 < g < i,
atgp > 1
as sin(gp + 8) 3
X0’ (p) = ——F———+0(p""), @)
0 Vap

where § = §(q) is the (unknown) phase shift.
For our model (2), equation (1) can be solved exactly, yielding the energy —2 Ef**! = 45>

for the unique bound state, —2E3*" = & for a half-bound state (or zero-energy resonance),
and a phase shift equal to:
. 3 4icq
8% (g) = — — arctan (—) (8)
2 V32— g%

for the elastic scattering problem for 0 < ¢ < k. It also gives an infinite elastic scattering
length: ay = —lin(l)(tan(é)/q) = —o0 [20].
q—

2.1. The Kantorovich method

Consider a formal expansion of the solution of equations (1), (2) using the infinite set of
one-dimensional basis functions B;(p; 0) € WZ1 (—m/6,2m — 1 /6):

N—1
W(p,0) =) x;(p)B;(p;6). ©)

j=0
In equation (9), the functions x(0) = (x0(0), ..., xn—1(p))” are unknown, and the surface
functions B(p; 0) = (Bo(p; ), ..., By_1(p; )T form an orthonormal basis with respect

to the independent angular variable —7/6 < 6 < 27 — /6 for each value of p which is
treated here as a given parameter. In the Kantorovich approach [12], the functions B;(p; 6)
are determined as solutions of the following one-dimensional parametric eigenvalue problem:

1 3%B;(p; 6)
_FT=51(P)BJ'()O; 0), On <O < Onsis n = 0-5,
1 3B;(p; 6; . .
19B,(p: 0) = (=1)"""ckB;(p; 6;), i=nn+l, (10)
0 20

Bj(p; 0ue1 —0) = Bj(0; Ops1 +0).
The eigenfunctions of this problem are normalized as follows:

5 0n+l
(Bi(p: 0) | Bj(p: 0)) = Z/ B} (p: 0)B;(p: 0)d0 = ;. (11)
n=0 On
After using expansion (9) in the Rayleigh—Ritz variational functional (see [ 13]) and minimizing
the functional, the solution of equations (1), (2) reduces to a solution of the finite set of N
ordinary second-order differential equations. This leads to the determination of the energy E,
in the eigenvalue problem, and the coefficients x = x(p) of expansion (9)

1d d d 1d
(H—2B)x = —T-Cp X+ Vx4 QX + - PQx
p o

d
—2FIx =0, lim p=X = 0.
pdp dp

dp p—0" dp
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The boundary conditions at p — oo are given by (6) or (7) depending on the problem. In
these expressions the matrix V is symmetric and Q is skew-symmetric. They are given by

Vij(p) = Hij(p) +0.5(¢€; (p) + €;(0))di;,

ap

9 9
H;j(p) = <%Bi(p;9) —Bj(p;9)>, (13)

0ij(p) =—=0;i(p) = —<Bi(p; 0) ”

9
—Bj(p;9)>-

In this paper, it suffices for us to consider only a part of the total adiabatic (surface) basis.
It is totally symmetric, of course, and—in the Schrodinger equation—‘links’, through the
‘coupling’ matrix elements, only to itself. It allows us to discuss the bound state and the
resonance, and the 2 + 1 scattering below threshold (i.e. in both cases, involving the ‘lowest’
states of the system). An additional part of the basis involves ‘sine’-type Bs—in contrast to the
‘cosine’-type displayed below. It also ‘links’ amplitudes, of the solution of the Schrédinger
equation, associated only with its basis elements.

A way to understand this behaviour is to realize that each B reduces to a harmonic when
p tends to zero, and that, since the interaction is symmetric, the B adopts the symmetry of the
harmonic. The harmonics are classified as to their permutation properties in [8]. The ‘cosine’
Bs are associated with ‘cosine’-type harmonics involving the orders 0 mod 3 and even. The
‘sine’-type harmonics involve the orders 0 mod 3 and odd. Note that the explicit analytical
expressions for the ‘sine’-type harmonics and corresponding transcendental equations are
given in [22].

As is shown in paper [19], the boundary problem (10), (11) then has, for our purposes,
the analytical solutions

2 2
gy = | Yo TX _nr
By(p: 6) = TOR ) 4 cosh [6y0 (9 3 )] ,
B (p;0) = Lcos[6 -(9—E)] (14)
o= 7 (y7 +x2) — x| Y 3 /1

6 2 6y; 2
eo(p):_< YO(P)> ’ e,-(p):( y,(p)) ’
o P

where 7 is an integer determined by |0 —nm /3| < /6, n = 0-5. The transcendental equations

T
Yo(p) tanh( yo(p)) = —x, 0 < yo(p) < 00, X=c—p,
36
| (15)
yj(p)tan(my;(p)) = x, j—5<yj(p)<j, j=12,...,

follow from (10), (11). The functions €;(p) are determined by the roots y;(p) of these
equations that are solved numerically (see, for example, figure 1).
Using the analytical expressions for the functions B;(p; 6), €;(p), we find the matrix
elements H;;(p) and Q;;(p) using the roots y;(p) and the parameter x:
e (=1)/ yoy,
QOj(,O)=—Qj0(/0)=—§—2 =L
(5 + ¥7)303;
et (=D yiy;

0ij(p) = —Qji(p) = T2 75—z,

18 (7 — y37)9i3;
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Figure 1. The first two surface functions By(p; ) and Bj(p; 0) and the eigenvalues €y(p) and
€j(p) (j =1,...,5) in the case of attraction (¢ = —1).

0.02 4

Figure 2. The matrix elements Q;;(p) and H;;(p) in the case of attraction (¢ = —1).

cmN\2 1 [4m?yd =3¢ =%y2
Hoo(p) = (57 ) —[ 0o, °(y§+4x)]

452 3
2

Hjj(p) = —

4(y353 +33y3)
(2 +»2)’

, AT YY)

(2 —»3)°

Yo = n(yé—x2)—x, yi = n(y_?+x2)+x, j=1,2,..., (16)

Hyi(p) +7+ 27K +

=
<
o~
)
~
Il
/N

that are shown, as an example, in figure 2. The asymptotic behaviour of these matrix elements
and of the potential curves are given in appendix A.

Thus, in the model described all the effective potentials (13) of the set of close-coupled
radial equations (12) are evaluated exactly and, therefore, provide the foundation for good
benchmark multichannel calculations (for example, see [19, 20, 22]).
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2.2. The effective approximation for the Kantorovich method

To obtain the effective approximation for the KM, we consider the system of equations (12)
and neglect the coupling of the states | j) which do not also involve the open channel |0). We
introduce the so-called effective adiabatic approximation (EAA) in which we project these
equations onto the two-body open channel |0) by means of a canonical transformation similar
to that of [3, 21]. The new solution x;/*¥ = x;¥(p) is connected with the solutions x; (o) of
the system (12) by the relation
Jmax
X =) "Tyxg~ Y (ilexpaSD) i)' expa S i) x;- (17)
J J»Jjr=0
Restricting expansions of the exponents to second order, i.e., expressing exp(tS1V) ~
1+1SD + (8M)2/2 and exp(1S?) ~ 1 +15?, we define the non-diagonal matrix elements
of generator SV and S by such a way

LYSRS Y FR YN H.A+Q..i+li Qi
L = ij)Bj ij iV dp PLij )

pdp (18)
lSi(j-z) = (1-8)2A;704V};, Aij = Aij(p) = Vii = Vjj,
and determine the inverse operator for pair channel |0)
xi =T x5, X =Y Toix;.
J (19)
(0IT10) = (0IT~'10) = 1 = (0]0).
This leads to a projection of the above system of equations onto the pair channel |0)
D T (HO = 2E); T x5 = (Hy™ — 2E) x¢°" =0, (20)
ij
new new ldpdxnew ,bL/ new ? new
(Hy" —2E)xg™ = —————2—+ X0 + [Uegy — 2E1x3™ = 0. 1)

pdop dp  2u?p
The new solution ¥ = pu~'/? X0 (p) in such a diagonal representation satisfies the following
equation,

N 1 N d
(Hett —2E)Y = ——(o¥") + "2 (™" + u[Uey — 2E1y = 0, lim pd—"” =0,
P p—0" dp
(22)

where the effective potential Ueff(p) is defined as a sum of the adiabatic potential Uad(,o) and
the effective nonadiabatic correction U (p),

Ueir(p) = Usa(p) +8U (p), (23)
and the modified scalar product and the adiabatic potential are defined by
*© ~ W(p)
(Wly) = dp ppubry, Uaa(p) = €o(p) + a2 + Hoo(p).
0

The term w(p) can be regarded as an effective mass, defined as the inverse of the sum of 1 and
the effective mass correction W (p):
jmax
1 (p) =1+ W(p), W(p)=—4Y" 00;()Qjo(p)Ag} (p).
| = (24)
Jmax
—1y,(1) —21,2) 31,03
SUM) =Y (A, Vo, + A7 Ve + A7 V).
j=1
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i

3Uu

Figure 3. The effective mass correction W(p) and the nonadiabatic correction §U(p) to the
effective adiabatic potential Ues (p0).

Here we are using

Vo, = Hg; — (Q0;)% +2Q0; Hj; — 200, Q5

Voy| = Hoj Qo (Z0; — Ay + Qo; Qu; (g, +3A¢)) + 05;(g; + Ag)),

Vo, = Q3;(Sg; + 80,)(Z; — 240)),

Aoj = Doj(p) = Voo — Vjj, Yoj = Xoj(p) = Voo + Vj;.
In the above formulae all the terms determined by (13)—(16) are the functions of p, and the
symbol "’ denotes a derivative in p. Figure 3 shows the correction W(p) to the inverse

effective mass p~! and the correction §U (p) to the adiabatic potential U.a(p), in the case

Jmax = 100 that provides true asymptotic values at large p. Here, we calculate the corrections
to the effective mass and potential for p = p,, = 100, jnax = 100:

0*W(p) = —1.82383 ~ —187 2

Jmax

p* > AG Vs = —0.02442 + 1.07378 +0.049 87 + 2.337 62 = 3.436 86,
j=1

Jmax

p* Y ATV = —0.00321 — 0.697 71 +4 x 107° = —0.70093, (25)
j=1

Jmax

Pty A V) =T x 1071,
j=1

p*8U (p) = 3.43686 — 0.70093 +7 x 10711 =2.73593 ~ 2772,

which differ from the exact asymptotic values W) = 1/(2k?) = —1872 and sU\) =
3/(4k*) = 2772 obtained in (C.5), (C.6) by 6 x 10™* and 2.6 x 1073, respectively.

The convergence of these series to an exact value strongly supports the use of a finite
number N of basis functions (14) in the reduction of the problem (12) to the finite interval of
0 < p < pm, considered in section 3.

Note that the procedure of the reduction of a system of N = jn.x + 1 second-order

differential equations (12) to an effective one (22), using the canonical transformations
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(17)—(19) and the calculations of asymptotic values on the left-hand side of (25), was elaborated
and implemented by means of the computer algebra packages REDUCE and MAPLE.

3. Reducing the problem to a finite interval

3.1. Discrete spectrum problem: the Rayleigh—Ritz variational functional

For the ground state, we used the following asymptotical behaviour of the amplitudes x; (o)
of the solution of (12) at large gp > gp,, > 1 [22]:
exp(=gp) exp(=gp)
xo(p) = Co——r—, xj(p) = CjT- (26)

Jp

From these relations we can obtain the homogeneous third-type boundary condition for large
qPm > 1

d - 1 _ _ _
m%p) = - (— +qpm> X0(Om> @) = — fo(Oms @) X0(Om)»
P 2 @7)
dy; m _ _
pm% = _(3 +qpm)X1(:0m) = _fi(pma Q)X](Iom)

Here 3> = —2E(g) — m2/36 > 0 and E < 0 is the unknown eigenvalue.
Using these formulae, we devise the following iteration process for each nth step
n=1,2,...: wesolve (12) to find functions x™ satisfying the boundary problem:

dy™
(H—2E@" ")x® =0,  limp=>

0—0" dp ’
dx™ (om) _ne
pn == = F(om, 7" X" (o),
dp
where the energy E(G) = E(G"™") is known from the previous n — 1th step. To find the
value E (™), we then use the iteration formula starting with some initial g©:

2E@") =R(x"", 3", (29)
which follows from the Rayleigh—Ritz variational functional
N S H e dp + Y050 £ (oms @)X (o)
B I i k2 e dp ’

(28)

R(x:q) (30)

where

[XHx1ij = x{(0)x;(0)8i; + xi (p)Vij (0) x;(0) + Qij (P Xi (0) X (0) — X (P) x (P)].

To solve eigenvalue problem for the EAA, we devise also the following iteration process

for each nth step n = 1,2, ...: we solve (22) to find functions ¥ satisfying the boundary
problem:
N dy ™
(B —2E@" ")y =0, timp2— =0,
P07 dp G1)
Ay (p,)

Pm = — folom, §" "NV (o),
dp

where the energy E(G) = E(G"™") is known from the previous n — 1th step. To find the
value E (™), we then use the iteration formula starting with some initial g©:

2E@G™) = Rer(p "1, g™ "), (32)
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which follows from the Rayleigh—Ritz variational functional

[ W Heewp dp + fo(pm, DV (om)
IS v e)(p)p dp

Ret (¥, q) = ) (33)

where

Y Herr = ¥ (0)¥ () + [ 2 (0) (k™2 (0))" + 1 (p) Uete (0) 19 * (o).

We recall that a variational method was originally applied by Lord Rayleigh in 1873 to
the computation of vibration frequencies of mechanical systems, and developed to solve an
eigenvalue problem by Ritz [24]. A further formulation of the variational method, for quantum
scattering theory, was proposed by Hulthén [25] and will be considered in the next subsection.

3.2. Continuous spectrum problem: the Hulthén variational functional
For the elastic scattering states, with a given value for the energy 72/36 < 2E(q) =
g% — m%/36 < 0, we rewrite the problem (12) in the form

1d d dx 1d d
H =gy =113, vy X 1P o p lim pX = 0.
pdp dp dp p p—0

dp
(34)

For large p > p,, > N the amplitudes x;(p) of the solution of the system of N equations
satisfy the following asymptotic conditions:

X (0) = Fo(p,q.8) + O(p~"'/?), xE(p) = Fi(p,q,8) + 0(p™).
Here for g > 0, gp > 1:
sin(go +8) 279 936g cos(gp +8)(4(N — 1)3 = N +1)
Jar 7°0* Jap ’

(2 +6 108 +4
Fip.q.0) = 176025 = -1y (L0, TR E
w4p 700

Fo(p,q,0) =

.\ 3(1204> —6712) si4n(q,0 + 8)) ’ 35)
m0J/qp
and forg =0, p > 1:

a 979776(4(N — 1)) =N +1)
Fo(pvova)=ﬁ+_+ 6 ~4 ’

NG NG

1 3(18 +an?) (30)

Fi(p,0,a) =7776(2j — 1)(=1)’ (_n4p3 — e )

Using these formulae, we devise the following iteration process for each nthstepn = 1,2, .. .:
we solve (34) to find functions x satisfying the boundary problem:

dy™
(H—gHx™ =0,  limp=X— =0,
p—0 dp (37)
dx™ (om) dF (pp,q,b"")
m = Pm )

dp dp

where the phase shift b = § = §”#~1 at ¢ # 0 or for the scattering length b = a = a®~V
at ¢ = 0 are known from the previous n — 1th step. To find the value 5", we then use the
iteration formula starting with some initial 5©:

pm — p=1 4 H(X(n_l), q, b("_l)), (38)
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which follows from the Hulthen variational functional [23]

P N ldFZ(,Om,q b)
H(x, q,b) = [ Z [x(H — g xlijpdp — —pmz

i,j=0
N-1

+0m Y, Qij(pw)Fi(pm 4, bYFj (om, 4, b), (39)
i,j=0

where
X (H = ) x1i; = X (0)x; ()8 + X (P) Vi (0) x; (p) — 2E(q) x: (0) x; (0)3
+ Qi (P)[xi (P x;(P) — X (P)xj(P)]-

Note that the above iterative procedures usually converge after n ~ 7-8 iterations.

3.3. Continuous spectrum problem: the effective approximation
For the elastic scattering states with the given value 2E(q) = g — n2/36 < 0 we rewrite the
problem (22) in the form
a — " dw
(Her — q*)y = ——(Pw Y + ! (Y'Y + u[Ues — 2E(q)1y = 0, hm Vap T 0.
(40)

eff __

For function x°*f = (pu)!/ 210 this equation has a conventional form

d
( " - (p) eir(0) + q2> x5 (p) =0, (41)

where the effective potential Ueff(p) is defined by
1
Uer(p) = Vin(p) +8U (p) = 15 = & (42)

For large values of p, using asymptotic values WO(I)V)(,O) = p>W(p) and SU&I)V) (0) = p*8U (p)
from (24), it reduces to the following one:

d We'\ d Uy
—— |1+ 8- ) =+ =2 4] x5 () =0, 43)
( dp ( p> )dp  p* %
and to an accuracy of the order o(p™™, equation (41) reads

e oWy d L Wy 5Uéév -
— - T+t |(l-—7)- Xoo(p) = 0. (44)
dp p’ dp 2 o4

For g Wéév ) / (2p) < 1, the continuous spectrum solutions of equation (41) can be put into the

form
W
73 (p) ~ sin 1— 2 )+
Xo0(P) [qp( 207
V)

~ sin(gp + ™) — ¢ cos(gp + 8N, (45)

where 8V = §™)(q) is the phase shift of the elastic scattering in the open pair channel |0),
below the main three-body threshold, £ = 0. The required asymptotic solutions such as (35),
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(36) are evaluated by a direct substitution of asymptotics (45) and the matrix elements from
appendices A and B into equation (17).
Using these formulae, we devise the following iteration process for each nth step

n=1,2,...: wesolve (40) to find functions ¥ * satisfying the boundary problem:
N dyr ™
(et — g*)y™ =0, lim p LAl 0,
S (46)
Ay (pow) _  dFo(pm,q,8"")
Om dp — Fm d,O B

where the phase shift § = §”~1 is known from the previous n — 1th step. To find the value
8™, we then use the iteration formula starting with some initial §©:

8 = 8"V + Her(y "V . 677, (47)
which follows from the Hultheén variational functional like (39) (see (35))

Pm 7 1 sz(lOm» q73)
Her (Y, q,8) = Y (Hete — q*)Ypdp — = pp—2"",
0

5 i (48)

where

W (Her — ) = ¥/ (0)¥' (p) + [ (0) (™2 ()" + 1(p) Ueti (p) — 211(0) E(@) W2 (p).

Remembering that p?> = £2 +n? and £ ~ p(1 — n*/(2p?)) in the asymptotic region
n/p < 1 one should introduce the following definition of the mean position operator in the
new representation x"V = T x

new

Pmean = (Xnew|ﬁglee\gn|x

new )

= (XIT' PR T1x) = (X|Pmean] X) = Pmean-

Here the mean position operator pion = p plays the role of the Jacobi coordinate £ in the

new representation x"V, i.e. a delocalization of £ is contained in the new radial functions
x"" = T x. In the old representation x the mean position operator Pmea, is defined as

new

Pmean = T PowaT =T~ 0T = p +8p,

where § 0 is a delocalization of the Jacobi coordinate &, that in the asymptotic region /p < 1
has the order of n%/(2p), i.e.

Pmean = T~ 'pT ~ (&).

Note, transformation (17) changes only form of radial solutions, and the Jacobi coordinates &
restoring only in total expansion (9) of the wavefunction (see (C.11)—(C.13)). So, if we omit
nonadiabatic term in equation (44) and take the adiabatic behaviour

x* ~ sin(gp + 8%,

we then find the obvious difference between the true phase shift §, Nth approximation §®")
and the adiabatic phase shift §2¢,

w 0[n*10
s = 5 _ q_z(:g , 8= ]}Enm5<N> = 5 +q%pl>, (49)

in accordance with equations (C.5) and (C.15).
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4. High-order approximations of the finite-element method

In order to solve numerically the Sturm-Liouville problems for equations (28) or (31) (for
the discrete spectrum problem with the Rayleigh—Ritz variational functional) and (37) or (46)
(for the continuous spectrum problem with the Hulthén variational functional) the high-order
approximations of the finite element method (FEM) [26, 27] elaborated in our previous paper
[28] have been used. Such high-order approximations of the FEM have been proved [28]
to be very accurate, stable and effective for a wide set of quantum-mechanical problems.
Computational schemes of the high order of accuracy are derived from the Rayleigh—Ritz
variational functional (30) or (33) and the Hulthén variational functional (38) or (47) on the
basis of the finite element method. The general idea of the FEM in one-dimensional space is
to subdivide interval [0, p,,] into many small domains called elements. The size and shape of
elements can be defined very freely so that physical properties can be taken into account.

Now we cover the interval A = [0, py] by a system of subintervals A; = [p;_1, p;] in
such a way that A = [ J]_, A;, where n is the number of subintervals. In each interval A;
determine the following nodes:

h
)Oj‘),r:pjfl-'-?]r’ hj=pj—=pj-1, r=01....p,
and the Lagrange elements {¢ﬁ (o) }rpzo
DO (' 1t ) E s 0 Xt 0 B a9
P eg = i) (eg, = i) e (eg = P71 (07 = P7) e (0] = )

By means of the Lagrange elements qj_ﬁ ,(p), at the each node p_‘z , we define the function N;(p)
in the the following way:

Plo(0), P EA, I—0

0, p &AL '

14

3/3’(’0)’ ZZ:: l=r+p(—1), r=12...,p—1,
Nip) =1 (¢7,(0). o €A

Plr10(P)s P € Ajur, l=jp, j=L12...n-1,

0. p &8 UAm.

¢7‘ll),l7(p)a P € An» l — i’lp

0, p & A, '

The functions {N/’ (,o)}lL:O, L = np, form a basis in the space of polynomials of the
p-th order. Now, we approximate each function x,(p) of the global function xT(p) =
(X0(P)s x1(0)s - - -, xn—1(p)) by a finite sum of local functions N/ (p)

L
Xu(P) =Y x\,N (p), X = x,.(01,), (50)
=0

and substitute expansion (50) into the functional (30) or (33). From the minimum condition
[26, 27] for this functional we obtain that vector solution x” is the eigenvector of the generalized
algebraic problem

(K” +B)x" = E"M”’x". (51)

Here B is a diagonal matrix and has zero elements, except last N elements, that are defined by
the boundary conditions (28) or (31):

BiN-Ntp NN+ = Fue1(Oms @™, w=12...,N.
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To solve the scattering problem at a fixed value of the energy E(q) it is necessary to
consider the right-hand-side problem with respect to vector solution X", which follows from
the stationary condition [23] for the functional (39) or (48):

(K" — E(M")x" =B. (52)

Here B is a vector and has zero elements, except last N elements, that are defined by the
boundary conditions (37) or (46):

dF//.—] (10m7 q, bh)

N
dp _pmzQu—lv—va—l(IOqu’bh), w=12...,N.

v=1

BLN—N+/L = Pm

The following estimations for FEM eigenfunctions of problem (30) or (33) are valid [26]:
El = En| < c1(En)h?, lxm () = xm ()| < c2(En)R™", (53)

where / is the maximal step of the finite-element grid, m is the number of the corresponding
solutions, and constants c¢; and ¢, do not depend on step 4. The similar estimations take place
for approximate values of the phase shift 8" and scattering length a”, which follow from the
corresponding approximation of the Hulthen variational functional (39) or (48). The stiffness
matrix K? and the mass matrix M? are symmetric and have a banded structure, and M” matrix
is also positively defined. They have the following form,

K? = Xn:k(’, M? = Xn:mj’ (54)
j=1 j=1

where the local on the element A ; matrices k and m” are calculated by the formulae

7Y

; *l 4 , /
k)T = f_ 1 {%uh—;(«b;’,q) P)(#7,) () + Viero—1(0)$ , (0)7 . (p)

/ ’ 2 h;
+ Q1 (D97, () (8],) (0) = (#7,) ()¢5, ()] = 1 o5+ dn,
J

2
" . (55)
()1, = b [ 0,000, 00T b
p=pj-1+05n;(1+n), ¢q,r=0,1,...,p, pn,v=12,...,N.
Now let us note by n, and we, g = 0, ..., p, the Gaussian nodes and weights in the
interval [—1, 1]. Then the integrals given above are calculated as
P 4
UAWEDD {aﬂuﬁ(qs;iq)’(pg)(epi,)/(pg) + Vet 1(p) 97, (0 )DL, (0g)
g=0 J

/ / 2 h;
+ Q/L*ll)*l(pg)[qu[{q (pg)(¢ﬁ;) (pg) - (d)]p,q) (pg)qs;),r(pg)]h_ pgéwg’ (56)

J
p h
qr Jj
()5, = D 8187y (0008] (0P 5 i
g=0

where p, = pj_1 +0.5h;(1 +n5,).

Following this way we have the strategy: as we know analytically all functions V;; and
Q,; first we choose the FEM grid, then we calculate these matrix elements in the Gaussian
points and finally evaluate the integrals. This allows us to organize the calculation scheme
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Table 1. Convergence of the KM for the calculated double energy values 2E ,’} to exact ground-state
double energy 2Ef* = —m2/9 and the differences AE = 2E£’ — 2EX versus the number
of equations. The first column shows the number of equations N, the second and third ones
display the calculated values and the differences in quadruple (quad) precision. The fourth and
fifth columns display the same ones for the double (double) precision. The underlined significant
digits are marked to show a difference with respect to the exact values that are shown without any
underlining. The exact ground-state double energy 2 E5**! is shown with 15 significant digits. The
factor x in the brackets denotes 10*.

N 2B AEPS 2Eoule AEdoule
1 ~1.096 44261272635  1.801(—04)  —1.096 44261272582  1.801(—04)
2 ~1.096 61994928173 2.762(~06)  —1.096 61994928115  2.762(—06)
3 ~1.096 62244148776 2.697(~07)  —1.096 62244148697  2.697(~07)
4 ~1.096 622 65710171 5.413(—08)  —1.096 622 65710061  5.413(~08)
5 ~1.096 622 69529257 1.594(—08)  —1.096 62269529163  1.594(—08)
6 ~1.096 62270528240  5.949(—09)  —1.096 62270528209  5.950(—09)
10 ~1.096 62271083539 3.967(—10)  —1.096 62271083463  3.979(10)
20 ~1.096 62271122115 1.099(~11)  —1.096 62271122037  1.245(11)
30 ~1.096 62271123076 1.390(~12)  —1.096 62271122924  3.276(~12)
35 ~1.096622 71123151 6.357(~13) —1.09662271122960  3.194(~12)
40 ~1.096 62271123182 3232(13)  —1.09662271122940  3.361(~12)
50 ~1.09662271123204  1.046(~13)  —1.09662271122827  4.427(~12)
70 ~1.096 62271123213 1.957(~14)
2EP —1.096 62271123215 ~1.096 622711232 15

as follows: let us consider the system of N equations. We evaluate the values of all matrix
elements for these N equations in the Gaussian nodes and store them on the external file. Then
we use it to investigate the convergence rate of the Kantorovich expansion as a function of
number of equations.

From the above estimates one can see that we have a very high accuracy for calculations
of both the bound state and scattering problems, i.e., the eigenvalues and phase shifts, and
corresponding wavefunctions. In this point of view the main error in the solution depends
only on the number of equations N and on the used computer precision.

5. Numerical results

Here we study the convergence rate of the KM as a function of the number, N, of the equations
of the system (12). The problem under consideration is a good test for various (numerical)
methods because it has analytical solutions for both the discrete and the continuous spectra.
We begin by considering the eigenvalue problem in the case of p,, = 50. We use the 1000
finite elements of fourth order. The finite element grid consists of 4001 nodes. We consider
the calculations in double and quadruple precision.

The numerical calculations are performed on 2 Alpha 21264, 750 MHz, 2 GB ram with elf
64 bit LSB executable, and using a Compaq (Fortran 77, with Compaq extensions) compiler
suitable for the Linux Alpha systems. We use data types REAL*8 and REAL*16 that yield
15 and 33 significant digits respectively, and call them ‘double precision’ and ‘quadruple
precision’, from the point of view of calculations performed on a conventional PC.

In table 1 the differences AE = 2E" — 2E$*', of the calculated values of the energy
2E" from the known exact value 2EX j.e., upper bound estimates AE > 0 to the exact
energy 2E = —m2/9 of the bound state, are shown for each case. One can see that, using
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Table 2. Convergence of the KM for the calculated double energy values ZEZ, ZEZ’,, to exact
ground and half-bound double energy 2E;**! = —%/9, 2E = —m%/36 and the differences
AE, = 2E{; — ZEZ’“‘C‘, AEp, = 2E2b — ZEz’gaC‘ versus the number of equations. The first column
shows the number of sums N, the second and forth ones display the calculated values, the third
and fifth ones display the differences (in double precision), respectively. The underline significant
digits are marked to show a difference with respect to true ones that are shown without any
underlining. The exact ground-state and half-bound double energies 2E5**!, 2Ef3*! are shown in
the last arrow with the 12 significant digits. The factor x in the brackets denotes 10*.

N 2E) AE, 2EN, AEp
1 —1.096 44261272 1.801(-04) —0.274 15532973  3.480(—07)
2 —1.096 63224301  —9.532(—06) —0.274 15564973  2.807(—08)
3 —1.09663479313  —1.208(—05) —0.274 15567400  3.802(—09)
4 —1.096 63501140  —1.230(—05) —0.274 15567760  1.981(—10)
5 —1.096 63504991  —1.234(—05) —0.274 15567856  —7.549(—10)
6 —1.096 63505996  —1.235(—05) —0.274 15567891  —1.104(—09)
10 —1.096 63506554  —1.235(—05) —0.274 15567922  —1.414(—09)
100 —1.096 63506594  —1.235(—05) —0.274 15567928  —1.480(—09)
2ESRC 1,096 622711 23 —0.274 155 677 80

quadruple precision, the KM monotonically converges to the exact values, while in the double
precision this is only true for about 35 equations.

Note that in the solution of the algebraic eigenvalue problem, we use the subspace iteration
method (SIM) with a fixed shift of the spectrum [27]. The main step here is to find the solutions
of systems of linear algebraic equations using a Cholesky decomposition. For example, when
N = 50 the system consists of 200 050 equations! This can only be solved in a stable manner
when using our quadruple precision.

As is well known, solving the eigenvalue problem for a system (12) of N equations with the
help of the SIM based on the functional (30), yields only upper bounds for the energy values.
However, using the effective approximation (22)—(24), i.e., a specially truncated system (12)
reduced to a diagonal form, we can calculate both the upper and lower bounds to the energy
2E of the bound state and 2ES¥ = 2E(0) = € = —72/36 of the half-bound state,
as a function of the number N of equations taken into account. With this aim, we solve
the eigenvalue problem for the half-bound state estimation from equation (22) in the case of
pm = 2000 with the help of the SIM based on the functional (33). We use the 4000 finite
elements of fourth order. The finite element grid consists of 16 001 nodes. We consider the
calculations in the double precision on the finite element grid {O (2000) 500 (2000) 2000},
where the number in brackets denote the number of finite elements in the subintervals. In
table 2, we show the calculated values of the energy 2F Z and 2F ,ﬁ'b that yield the upper and
low estimations of the exact ones 2E,§”“‘°‘ and ZEZ’;aCt versus the number, N. We show also the
values of the difference, AEy,, = 2E ﬁb — ZEZ’I‘,"@‘Ct and AE, =2F Z — ZEZ’“‘Ct versus the number,
N, of the corresponding upper bounds (A Ey, AEy;, > 0) and lower bounds (AEj, AEy, < 0)
compared to the exact energies 2E;***" of ground state and 2E;}*" of the half-bound state.
The change of a sign of this difference, when passing from N = 1 to N = 2, implies the
existence of this ground-state and passing from N = 4 to N = 5, implies the existence of
this half-bound state, respectively. Thus, we have shown that the half-bound state exists, as
follows from the numerical upper and lower estimates that we have obtained for its energy.
This means that an additional 7 /2 should appear in Levinson’s theorem, which corresponds
to the exact phase shift in equation (8), i.e., 8" = 7 + /2 at ¢ = 0, derived in the previous
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Figure 4. Elastic scattering phase shift § as the function of the relative momentum g of the incident
particle and the pair below the three-body-breakup threshold: (solid curve) exact analytical solution
§¢xact; (dotted curve with open circles) results in the adiabatic appyoximation (N = 1), 8%; and
(closed circles) results in the effective adiabatic approximation, 8% (left panel). The differences
A8 = 5%t _ §h of exact §% and numerical 8" results for the phase shift versus the number of
the radial equations N at several relative momentum values belonging to the range 0 < ¢ < 7/6
(right panel).
Table 3. The differences A§ = §°*2t — §" of the exact and the numerical results (in the double
precision) for the phase shift, versus the number N of equations (34) and the momentum proportional
to g—using the Hulthen variational functional. The factor x in the brackets means 10*.
q
N 0.002 0.100 0.200 0.300 0.400 0.500 /6
1 6.180(—1) 2.972(-2) 3.946(-2) 5.353(-2) 6.857(—2) 8.513(-2) 8.930(—2)
2 2.991(-2) 5.716(-3) 1.038(—2) 1.548(-2) 2.064(—2) 2.583(-2) 2.706(—2)
3 5.277(-3) 3.011(-3) 5.920(-3) 8.869(—3) 1.182(—2) 1.478(—2) 1.548(—2)
4 1.704(-3) 2.074(-3) 4.128(-3) 6.188(—3) 8.250(—3) 1.031(-2) 1.080(—2)
5 7.539(—4) 1.587(-3) 3.165(—3) 4.746(-3) 6.329(—3) 7.912(-3) 8.286(—3)
[§ 4.019(—4) 1.285(=3) 2.566(—3) 3.848(-3) 5.131(=3) 6.414(-3) 6.717(=3)
10 8.213(-5) 7.299(—4) 1.459(-3) 2.188(=3) 2.917(=3) 3.647(=3) 3.819(=3)
15 2.848(—5) 4.729(—4) 9.462(—4) 1.419(-3) 1.892(-3) 2.365(—3) 2.4717(-3)
20 1.493(-5) 3.470(—4) 6.954(—4) 1.044(-3) 1.391(-3) 1.739(-3) 1.821(-3)
25 7.743(—6) 2.680(—4) 5.391(—4) 8.105(—4) 1.080(—3) 1.349(-3) 1.412(-3)

theoretical study [20]. In figure 5 we show an image of the half-bound-state function Wy,
atg =0.

In the elastic scattering problem, we calculate the phase shift " at gp,, = 300 and use

1500 fourth-order finite elements. The finite element grid consists of 6001 nodes. In table 3
we show the differences A§ = §%%t — §" calculated with an iteration scheme (38) based
on the Hulthén variational functional (39). One can see in the right panel of figure 4 that
the KM converges monotonically to the exact values §**" at a rate of order 1/N. Figure 5
also displays an image of the scattering wavefunction W at ¢ = 7 /6. The scattering length
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Figure 5. The half-bound state wavefunction Wy, at ¢ = 0, i.e. at the two-body threshold energy
2En, ~ —m? /36, for the attractive pair potentials (left panel). The scattering wavefunction W at
g = /6, i.e. at the three-body threshold energy 2E = k% = 0, for the attractive pair potentials
(right panel).

Table 4. The differences A§ = 8 — §" of the exact and the numerical results (in the double
precision) for the phase shift, versus the number N of sums (40) and the momentum proportional
to g—using the Hultheén variational functional. The factor x in the brackets means 10*.

q
N 0.002 0.100 0.200 0.300 0.400 0.500 /6

1 6.180(—=1)  2.972(=2)  3.946(=2)  5353(=2)  6.857(=2)  8513(=2)  8.930(—2)
2 2.928(=2)  5331(=3)  9.679(=3)  1430(=2)  1.903(=2)  2464(—=2)  2.616(=2)
3 3954(=3)  2557(=3)  5.104(=3)  7.548(=3)  1.006(—2)  1.345(=2)  1.445(-2)
4 3186(—4)  1.607(=3)  3.293(=3)  4.842(—3)  6458(—=3)  8.960(—3)  9.747(=3)
5 —6422(—4)  L117(=3)  2324(=3)  3393(=3)  4.528(=3)  6548(—3)  7.222(=3)
6 —9.966(—4)  8.140(—4)  1.723(=3)  2491(=3)  3327(=3)  5.047(=3)  5.651(=3)

10 —1317(=3)  2.573(=4)  6.136(=4)  8291(=4)  1.111(=3)  2280(=3)  2.753(=3)

15 —1371(=3)  1.055(=6)  1.018(=4)  6219(=5)  9.081(=5)  1.008(=3)  1.424(=3)

20 —1384(=3) —1220(—4) —1441(=4) —3.056(—4) —3.961(—4)  4.078(—4)  7.973(—4)

25 —1.390(=3) —1.944(—4) —2.884(—4) —5205(-4) —6.776(—=4)  6.703(=5)  4.439(—4)

ap = —a = — lim,_,¢(tan(8)/q) = —669.1664 was calculated for N = 1 (note that the exact
value ay = —oo is obtained as a limiting value, when N is taken very much larger than 1). A
comparison of calculated values of the phase shift versus ¢, for the adiabatic approximation,
EAA and exact formula is shown in the left panel of figure 4. One can see that the difference
of the adiabatic and exact results increases with increasing ¢ but disappears for the EAA
calculations. Indeed, in table 4 we show the differences A§ = §t — § calculated with
an iteration scheme (47) based on the Hulthén variational functional (48) for an EAA (40).
We show also the values of the difference, A8 = §%*' — §" versus the number, N, of the
corresponding upper bounds (A§ > 0) and lower bounds (A8 < 0) compared to the exact
phase shift §*** of the scattering state below the three-body threshold. The change of a sign
of this difference, when passing from N =4to N =5atg = 0.002,and N = 15to N = 20
from g = 0.1 till ¢ = 0.4, provides the lower bounds of phase shift of such scattering states,
respectively. Thus, we have shown that the adiabatic approximation (N = 1) yields upper
estimations for the scattering states above the pair threshold while EAA yields lower ones
starting from N > Ny(q), where the critical number Ny(q) is increasing with increasing value
of momentum ¢. In a vicinity below the three-body threshold a contribution of centrifugal
term quéév ) p 2 of equation (44) in asymptotic region predominates and is proportional to ¢
in phase shift (49).
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6. Conclusions

Stable numerical iteration schemes were developed to solve multi-dimensional differential
equations, with high accuracy. New results were obtained for the solutions of these differential
equations with long-range potentials. It has been shown that the numerical results that we
obtained are in a good agreement with known exact results. Also, we saw that if we wish to
use a very large number of orthogonal basis functions, we are forced to resort to quadruple
precision arithmetic.

The benchmark problem, that we proposed, is a good tool to examine both the usefulness
of various finite element method schemes (see, for example, [16, 18] and references therein)
and, also, of the Kantorovich reduction [14]. The latter enables the reduction of the multi-
dimensional Schrédinger equations to a set of second-order ordinary differential equations, in
the context of the corresponding bound state and elastic scattering problems.

Our benchmark results may be expected to be very useful in the testing of new methods
in the future. We feel that the effective Kantorovich approximations, with its canonical
transformations, is the key to the development of substantially improved ways of obtaining
accurate solutions to three-body scattering with a few open channels.
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Appendix A. Limiting and asymptotic behaviours of the matrix elements:
the attractive case

As p — 0 the potential curves €;(p) and the surface functions B;(p; 0) take the form

iy L1+ T2 BE™ (p; 0) — | ——
0o P 108" " 12580° ) 0o o

.\ 2
™ (p) > (%’) , B}S’“’(p;ew\/g cos[6,6(n)].

When p — oo, for finite 7 and j, €;(p) and B;(p; €) become asymptotically

as n? np as VTP pr|f(n)|
e (p) — TS <1+4exp <—1—8>>, B (p; 0) — Texp(—T),

(as) 6] -3 : (as) 1 .
€ (p) — ; B (p; 0) — ) —cos[(6j —3)0(n)],
1) T

where (n) = /6 — |0(n)| >0,0(n) =60 —nn/3 € (—n/6,7/6),n = 0-5.
For small p, the matrix elements Q;;(p) and H;;(p) behave (uniformly in i, j) as:

L (=DIV2TE p (1 2R )
Qoj(p) _+j—2 [%4‘? (@"‘ 3888>i| +0(p7),
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0,0 =- ST 2 (LN o
=T T |18 T e 2T 2 oo
7 +0(p?)
58320 © 2204496° T V)

1 1 72 j? P 13 2 j? )
Hi(p)=—|———+ +————=+ + 0(p?),
ii(P) j4< 1728 3888) j6< 93312 17496) )
H()l(p):(—nf\/i 21—2712j2+£ 17 . n?jr It + 00
J 4 7776 j2 \ 62208 © 139968 ~ 131220 ’
(_1)(i+j) 5 i4 +j4
(2= 22 | 648~ 129622

2 2, 2 11(i%4+ i 204, +4
,0( T +l+] (l+])+7'[(l +])>:|+0(,02)

Hyo(p) =

H;j(p) =

11664 3456i2j2  93312i4j4  23328i2;2
and for large values of p and finite values of the indices i and j (i/p < 1j/p <K 1):

216(—=1)/(2j — 1)  11664(=1)7(2j — 1) -
Qoj(p) =+ ey + ey +0(p™"),
(0) = 18(—1)(i+j)(2j —1D@Ri—-1) i 36
Q) = =R+ - D [pz 7203
—7:26/)24 (%—(2j—1>2—<2i—1)2)]+0<p—5), (A1)

1 72p 7t ot # w2p
. AV S 0 - :
00(p) ys) +exp< 18 > ( 18p 324 " 17496'0) " <exp< 9 ))

108 , )
Hjj(p) = ﬂ4—p4(3+7f2(2J —DH+0(p™),

108(—=1)/(2j — 1)
n2p3/p
(=D 2i —1)@2j —1) 324

(i—¥i+j—12 mtp

+0(p™),

Hyj(p) =

Hij(p) = (2j =D+ Qi — D)+ 0(p™).

We now show how to obtain a further set of asymptotic results. We start by outlining a
systematic method yielding the roots y; (o) of equation (15),

v (p) tan(ry;(p)) = x, J=s<yip)<j. j=12.., (A2
atx = cmp/36, c = —1 and we present the roots y;(p) of equation (A.2) in the form

yi(p) =j+2z;(p), —% < zj(p) <0.
In this notation (A.2) becomes

(J+zj(p)tan(mj +7mz;(p)) = x,

or

mz;(p) = arctan (]%ﬂp)) = arccot <)j_c + Z])(C_M) . (A.3)

For |x] > 1, we can expand the right-hand side of this equation in a series in the small
parameter z;(p)/x = &, |¢] < 1, and find the leading approximation zﬁo) (p) to z;(p). To
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calculate z;(p) to the required accuracy, we will write it in the form of a series with respect to
a formal parameter A

2(p) = zj(p, 2) =2 () + ) 2"z (p). (A4)
n=l1

The A will be put to 1 in the final results. Introducing the scaled variables X = xA, J = jA,
we rewrite equation (A.3) as

X

Substituting (A.4) into (A.5), we expand the right-hand side of equation (A.5) in a Taylor
series with respect to the formal parameter A. We obtain a recurrent set of algebraic equations
for the unknown coefficients z;") (p). We find the result:

mz;(p) = arccot (% + Azj(p)> . (A.5)

glj LNIJX zgle(X+JC~lj)
. =_ _ —
2(0) T2(X2+ 7Y X2+ J2)2
,3;X(=9XJa; + X*(a; - 3) — 3J°a;) .
+A , + 0%,
3r4(X2 + j2)°
where @; = arctan(|x|/i) and @; = arctan(|x|/j). For |x| > 1 one then has asymptotic

expressions, uniform with respect to 7 and j, for the potential curves, surface functions and
matrix elements. Letting / = Ai, J = Aj, X = A|x|, we obtain:

2;2 2d; 6i\* 72ia;
6=r—s(1-Cro)) = (=) = S50+,
36|x|? i 0 02

1 . 6a;0 . .
B; = -y [cos(6z€(n)) + — Sln(619(n))i| (1+o0(1)),
b T

_ )L3/2 (—l)ij'[l/zlxl/z B )LS/Z (_l)iX1/2(2X2ai _XJ] — 412&1’)
18(X2 + 1%)3/2 36w 1/2(X2 + 12)52
L (—DIX'Y2(12X%a; +3X21(12a} — 1) — 32X I*a; — 241°a7)
14473/2(X2 + [2)7/2

Qoi

+ 0,

e CDRIX - 1)
o 1296 X 1/2(X2 + [2)5/2
Lo CD'EPOXYE + 5K — 14X21%a; — 9X 1P +41%a)
2592X1/2(X2 + [2)7/2

Hy

+ 0%,

sl (X%a; —3X1 — I*@)
B 1944(X2 + 12)3
(=D*irg
18(J2 — I2)(X2 + J2)V/2(X2 + [2)12
3 [(—1)”1‘2)(2()(2 + 17+ I+ I (Ja; — 1a;)
36 (J2 — 12)2(X2 + J2)3/2(X2 + [2)3/2
(=) XIJQX?+1*+J? +2X1a; +2XJa;)
36m(J2 — 12)(X2 + J2)3/2(X2 + [2)3/?
(—D)*4r 3 (1a; — Ja;) ] L 00,
36m (J2 — 12)2(X2 + J2)3/2(X2 + [2)3/2
3 XIJa?(—1)*

H;; = + 0.
! 648(X2 + [2)3/2(X2 + J2)3/2 @3

H; = +00h,

Qi = 22
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Using, then, these asymptotic results, we find:

W (p) = — +0(pH~—-1.82378p2,

2p2

o
9
—1 g2 _ 5y 4
Z AOJ H()j - _327_[2p4 + 0(/) ) ~ —0.028 49,0 s
j=1
oo

- 333 _ _
3 A0y = gt O(p~5) ~ 1.05437p7*,
j=1
S -1 ’ 9 =5\ ~ —4
2> A QojHy; = Toris? +0(p~>) ~ 0.056990 4,
j=1
o0
_ , 369 _ _
—ZZ Ag Q0 Q0 = Torip? +0(p%) ~2.33671p%,
j=1

> AT Hoj Qo (3, — Ay;) = 0(p™),

J=1

o0

- e , 27 _ _
ZAOfonQOj(ZOj +3A¢,) = R O(p~>) ~ —0.68391p*,
j=1

Z Aajz ng(E(/)/j + Ag_,—) =0 (exp <_W>> ’
j=1

[e'e) 2

_ T2p
E :Aof Q(%j(E(/)j + Mg (Bg; — 240 = O (eXP (_1_8>> ,
j=1

U (p) = +0(p~%) ~2.73567p .

720
The calculated asymptotic values, W (p) and §U *(p), confirm the numerical estimations
(25) with a guaranteed accuracy of orders O (p~*) and O (p~°), respectively.

Appendix B. Asymptotic behaviour of the effective potentials

For the evaluation, as p — o0, of the matrix elements Qq; (), Qg,; (p), Hoo(p) and Hy; (p),
involved in the definition of the effective mass and the non-adiabatic correction (24), we make
the change of variables, = pcosf, for fixed p, in their defining expressions (13). If we
put6j/p = |pl and 6j6(n) = |pln, j = 1,2, ..., then in each sector (n = 0, ..., 5) of the
plane, |n/p| will be <1, and the basis {By(p; 8), B;(p; 8)} will correspond to the following
set of asymptotic functions {¢o(n), ¢, (1)}

¢p(1)
Bo(p; 0) — /o), Bj(p;0) > ———. (B.1)
G ! cos(3(p))
Here §(p) = —arctan|p|/k + /2 is a phase shift, and the functions have the form

1
Po(n) = Vi exp(—k|n)), op(n) = \/;(COS(plnl +38(p)).
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These functions are eigenfunctions of the corresponding eigenvalue problem

WO o) = €5 o (), &) = —#’,
0) 0 0 2 (B.2)
h2¢p(n) = €,°¢p (), €, =D,
of the pair Hamiltonian, in one of the chosen pair channels (for |n/p| < 1):
0) 92
h™ = _a_nz = 2k8(Inl)-
They satisfy the following orthogonality and completeness relations:
+00
(010) =/ $o(Mo(m) dn =1,
o
(Olp) = By () dn = 0,
to0
(plp') = ¢y (mey(m dn =8(p - p), (B.3)
—00

160) (60l +/0 dpley) iyl = 1.

In this representation®, the asymptotic Hamiltonian, corresponding to equations (10) in the
chosen pair channel, takes the form
£ O 2
I K © £ (0) 5 0 a

1
yriaen KO =_—p2— —p—+- (B.4)

h(n, p) = hO + :
(1, p) o Tan T3

and expressions for the matrix elements Qg;(p) = —Qjo(p), Koj(p) = Hyp;(p) + Q;)j (p),
Hoj(p) = Hjo(p) and Koo(p) = Hpo(p) read:

0u(p) = 0!+ 0G0 = [ ang 0,0,

9Q0,(p) 9Q0,(p)
Kop(p) = Hop(p) + g—; Kop(p) — K po(p) = 2;’—;,
Koy = Kg) p™ >+ 0(p™ "), Ky = f dngg (MK V¢, (n) = Hy,) — 0F).,
Hop(p) = Hy) p™2 + 0(p™), Hy) = / dngg ) H V¢, ().
where
. o~ I Ay (n) 9¢,(n) 1 3
oA, () = (—Z¢o(n)¢,,(n) + nzf;)—n;—n) , 0¥ =— (5 + "%) :

For the matrix elements Qg;,) , between the discrete and continuous eigenfunctions of the
pair-channel Hamiltonian 2© of equation (B.2), we obtain

0% = —Lgoln®. h1p,) = Ll — € ™) (ol Iy). (B.5)

6 Note that the asymptotic conditions correspond to a number j > p/36+1/2 = |x|+1/2 of the compact adiabatic
basis.
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Accordingly, we find
0[n~10 on?lp) =,/ ———*L _ HO__,
OIP10) = 5z, OPIP) =\ oo en Hie' =
R k__2kp
oY [ Ao gy =/ el (B.6)

[ee] 9 i 4ic ( 2 —2)
Hy = [ anr (%%(ﬂ)) (Wsp(n)) = @%

Using these results, we can evaluate the following sum rules:

o0 Q(O)Q(O) . 1
4| dp—t=Lg = = (01”0 10) = (0I*10) = 5.
0 e(()o) — e;,O) 22
00 H(O) H(O) o0 (0) (0) (B.7)
/ ap HopFlpo 1 4/ ap Lowto _ L
0 660) _ E1()0) 8ic2’ 0 6((]0) (0) 472

In the second order of conventional perturbation theory, with p=2 as a small parameter, and
with |j) = |0) for the ground state, we can write in one chosen pair channel (for |/p| < 1):

h(n, p)¢j(n, p) =€;(P)¢;(, p), (B.8)

ej(p) =€ +p2e +p7eP + 0(p7), (B.9)
where

1
) ©
% =37 Hyy =0,
0 g (0) 0 5O o O g © B.10

6(2)_/00(1 o _food QopQpo + Hop Flpp _ 1 1 _ B
0 O _ o f, E(()(D —e© 8k?  8k?

Using the above asymptotic forms for the potential curves and the matrix elements, and
dropping the matrix elements between states of the continuous spectrum, we then have, using
the representation of the pair channel |i) = |0) in equation (B.8), the following approximation
of the system (12) for the unknowns 3 = p!/2x:

P o0 HY — o 2Q<0>
+ S as d = a§
(—dp2 >xoo(p q) = /O p [ pe > dp p0(P.q),

(0) (©) ©)
d? -0, 20,
(0) +e9 4 73 = 7
(dp € +q° ) Xio(ps q) po > dp 00(0>4)s

(B.11)

where ¢> = € = 2F — eéo)—is twice the relative energy counted from the pair threshold

eV = —k2.

Appendix C. Canonical asymptotic transformation

To find asymptotic solutions x*(p) of equations (B.11), in second order of an operator
perturbation theory, we formally apply a canonical transformation, T = exp(1S?), to obtain
a new representation where "% (p) = T x*(p):
o= Tio X0 06" = Tos X
' (C.D)
(0IT10) = (0]T~'10) = 1 = (0]0).
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This leads to a projection of the above system of equations onto the pair channel |0)

> T (HM = g7 35 =D Tor(H — ¢7)i; T w86

ij ij
= (Hos" = a°) 5" = 0. C2)
if the non-diagonal matrix elements of generator S are defined by
(0) ©0) ©0)
0 1 Hy, — Qy, 20, o3
1So, = ) ) 5 + R (C.3)
(e —€p’) P p dp

which cancels the right-hand side of equation (B.11). Restricting the expansion of the
exponential to second order, i.e., expressing exp(1S©) ~ 1 +:5©@ + 15©)2/2, we obtain a
unique pair channel equation, with an effective mass and potential for the state |0), in the new
representation y°f = y"V:

d Weo'\ d  8Ugy)
_ l + 00 — 4 00 _ q2 —neW(p) — 0 (C4)
dp p* Jdp  p*

Using sum rules (B.7), we explicitly calculate the asymptotic values of corrections for an
effective mass

o Q(0>Q(0> 1
WO — _4 / dp— 0 = —{0[r(0) = —>— (€5)
00 A eéo> _ ;}0) 2ic?

and for an effective potential

o _ 00 ( (0>) (Q(O)) 4Q(O)H(0) (Q(O))
8Up = | dp © _ .0
0 (0 —€p)

© V) 111 3
= d =|l-——=+—=+——=+—= . C.6
/0 Pro Aéop) ( 8ik2 8z  4k? 2;22) 42 (6

For large p, to an accuracy of order o(p™), equation (C.4) reads

& 2wy d W\ 8Ug
5 _ 20 . +q2 1 _ ()20 ()0 —l’leW( ) — O (C7)
dp p> dp P o*

For ¢ (0|n%|0)/(2p) < 1, the continuous spectrum solutions of equation (C.7) can be put into

the form
— new (0[7%10)
Xoo (p) ~ sm[ Jo (1 — 207 +6

(0n?10)
1=,

~ sin(gp +96) —

cos(gp +98), (C.3)

where § = §(q) is the phase shift of the elastic scattering in the open pair channel |0),
below the main three-body threshold, E = 0. The solutions ¥ ,(p) of the system (B.11) are
connected with the solution jg5™ (o) of the effective equation (C.7) by the inverse asymptotic
transformation (C.1), which reveals a weak asymptotic coupling of the closed channels

(j17*10)(1 = 8;0) d
2p dp

—1 S new

Xop) =Ty Xoo' (p) ~ exp [— } Xoo' (P)- (C.9)
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Using (C.8) into the above, we obtain asymptotic solutions for equations (B.11),

S as S new

XOO(:O) = Xoo (p),

i1n2 _s. C.10
(Jln |0)2(1 8’°)qcos(qp+8). (C.10)
0

The partial component F in the two-body channel |0)

—1 S new

)_(j(s)(/)) = Tjo Xo0o (o) ~—

Fo = (I¢o)(¢o|¢o) +/0 dp|¢p)(¢p|T1I¢o)> X0 (P) (C.1D)

subject to the completeness condition (B.3), is defined by the relation

2
Fo ~ ¢o(n) [sin(qp +48) — qg—p cos(gp + 8)] . (C.12)

For gn?/(2p) < 1, we have, with an accuracy of order O (p~!), a true separable representation
in terms of the Jacobi coordinates (£, 1)
2

Fo(p,m) ~ do(n) sin [q (p - g-p) + S(q)} — ¢o(n) sin(glé| +8(q)) ~ do(M Xy (€)-
(C.13)

It is evident that, with increasing g, the role of the nonadiabatic coupling grows. In general,
the discrepancy between £ ~ p(1 — 1?/(2p?)) and p = /&2 + n2, which leads to the weak
asymptotic coupling in equation (C.9), can be neglected only in the adiabatic limit ¢ — 0.
So, if we omit the nonadiabatic term in equation (C.7) and take the adiabatic behaviour

Xaa ~ sin(gp +8*(q)), (C.14)

we then find the obvious difference between the true and the adiabatic phase shifts § and §2¢,
0|70

5(q) = 5‘“(q>+q%. (C.15)

Thus, we have found not only an effective approximation (C.4)—(C.7) for the system (B.11)
of the adiabatic equations, but also a way to find the asymptotic behaviour of their solutions.
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