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In thiswork, closed form expressions for the calculation of the Kratzer potential integrals
are obtained by means of a procedure based on the algebraic representation of the Kratzer
eigenfunctions along with the usual ladder properties and commutation relations. For that,
the exact formulae for matrix elements are achieved with the aid of the raising operator
applied repeatedly over the ket and with the lowering operator acting reiteratively over the
bra for the symmetric closed form expression. Comparatively, the formulae algebraically
obtained in this work are quite similar to the ones derived from usual methods involving the
evaluation of integrals. Besides, when considering some particular cases the results show
that the closed formulae that comes from the algebraic procedure are an improvement to the
closed form expressions already published.

1. Introduction

Among many two particle interaction models, the Kratzer potential [7] by itself
constitutes one of the most interesting alternatives because it can be exactly solved
for the general case of rotation states different from zero. Recently, this potential has
been used in studies that utilize the Kratzer wavefunctions as diatomic molecule basis
sets [12] and in the evaluation of pseudo two-center matrix elements for undisplaced
potentias. With respect to the latter, the closed form expressions for the calculation
of the Kratzer potentia integrals have been obtained analytically with the aid of the
expansion representation of the Laguerre polynomials directly involved [1]. Thus,
such eguations contain as particular case overlap integrals that are used in the cal-
culations of the Franck—Condon factors for potentials with different depths, although
undisplaced [14].

On the other hand, recently Morales et a. [9], using the algebraic representation
of the Kratzer potential, have proposed a set of matrix elements recurrence formulae for
the evaluation of the Kratzer potentia integrals with which they show the usefulness of
ladder operator approaches. However, as far as we know such algebraic representation
method has not been used to obtain the corresponding closed formulation of Kratzer
matrix elements. For that, the purpose of the present work is to use the creation
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and annihilation operators associated to the Kratzer potential wavefunctions to obtain
dternative closed form expressions for the calculation of multipolar integrals, as will
be shown next.

2.  Closed formulation of Kratzer potential integrals

The agebraic procedures require the knowledge of ladder operators associated
with the potential under study. In this respect, there are several options how to obtain
creation and annihilation operators associated with any potential wavefunction, such
as the factorization method [5], by quantizing classical dynamical variables [8], by
using the algebraic representation of the orthogonal polynomials directly involved [11]
and by an aternative approach [10] to the Infeld and Hull procedure. In any case,
the raising and lowering operators, shifting v, for Kratzer potential wavefunctions are
given by [9]

o=+ N torFa, )
dr

where o = 42/(v + \), v° = (2ma?)/h?D and the other parameters are defined in [3].
The above ladder operators satisfy the following properties:

ey, A) = pflv £ 1,0), )

VN @prr = Py (V' LN, ©)

where pt = —[(v + 1/2 + 1/2)(v + 2\ — 1/2 + 1/2)]1/2, and fulfill the commutation
relations

[cpf,xk] = Fka”. 4
Thus, accordingly with the creation properties of  , specified in equation (3) we get
O XN|p1 0303 - ¢ =p1pap3 -+ p (VN (5

for which, using the commutation relation of equation (4), the z* integral can be
written as

-1

W N|zk[v, \) (pr) (0, N| <H SOZ_> (k4@ ) v, A), 6

where

v _ o [V +2X) 1/2
il;IlPi = (-1 [W] . )
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At this point, by transposing z* and ¢~ repeatedly v times in above equation one
obtains
-1

W\ N|z*v, \) <sz_> <O,)\’]mkH(k+tp;_)\u,)\>. (8)

Also, in order to have in the above eguation the appropiate ladder operator acting
on the ket, we use the identity [9]

o =07 +(A=X)+ (o' — o), 9)

where o’ = 72/(v' + X) to obtain

-1

W Nak|v, \) = (H,;;) O Nz TT (Yo + %7 v, ), (10)

i=1

where Y =o' —o and R, = k+A— )\ 4, . Thatis, due to the fact that the operator
MR, has the properties

Ry Fa=NRg, (11)
M o* = 2R, (12)
and
aR; + bR, = (a+0)Ruipsy (13)
a+b
we can write
[T (Y= +2:7) H (Yz + %) (Yo +R,)
i=1 i=1
Z ¥ (Yz)"' ~ H R, (14)
a=0 k=1
where
! I//!
Co = al(V — a)!

are the usua binomia coefficients. It should be noticed that one of the products is
eliminated by choosing properly the index. In fact, the following holds:

0

[I(Y=+%:7) =1, (15)

i=1
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for which, with o = p, equation (10) becomes

-1
W N|zk v, \) = (pr) (0, X"

I/,

p
x Y Oy (o) P [ (k+ X =N —1+¢g)v,\).  (16)
p=0 =1

Thus, with the purpose to have a suitable annihilation operator acting on the ket,
we use Vandermonde's formula [6]

7 j i
[[G+b—mw= ZCJH(a—i—l+u)H(b—l+w) (17)
pn=1 j=0 pn=1 w=1

along with the property ¢, = v+ ¢, in the operator product of equation (16) in order
to get

p p p—o a
[T (kx=X4v—=i+¢,) =D CE ] (kA= N+v—p=1+1) ] ¢y s (18)
=1 a=0 =1 w=1

On the other hand, according to the properties of ¢, on the ket

Io% a—1 a—1
T e wialvo N =TT ool X = T ool — au X) (19)
w=1 w=0 w=0

one can write equation (16) as

-1

v p p—a
W\ N2k, \) = (le_> ZZOVCPYV pH k+X=N+v—p—1+1)
p=0a=0
a—1
% T #o (O N[ Py — a, \), (20
w=0

where
1/2

T - o VT (v + 2))
unopy_w - [F(V + 22— a)(v — ) (21)

In a similar way, instead of equation (5) one can now use

osetes ol 10N = pdpips - pi 1V, A) (22)
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in order to get the symmetric relationship

v -1 p
W N)zFv, \) = (H le) ZZCZC’Z;(—Y)”’Z’
i=1

p=0a=0

p—« a—1
X H (k+XN=A+V —p—1+1) H P 1w =, Nz TP|0,N), (23)

=1 w=0

where
a—1 ”r(/ 2A/ VZ

- _ (1) VI +2X) o4
l}:lop”/lw (1) [r(y’ + 2\ —a)(V — a)! ' (24)

At this point, and without any loss of generality we get, by making v = 0 in
equation (20) and v/ = 0 in equation (23), respectively,

rev)y \Y2&. e
m) > G0 —00) "
p=0

BELKCEPEPY
F(k+A— N —p)

(o, X]a[0, ) = (~1)” (

(0, X[2#+'=7|0, \) (25)
and

VIl (v + 2))

DR ECEP D)
F(k+N—\—p)

1/2 v
O Xa ) = () Y o — oy
p=0

(0, N'|z*Tv=P|0, \), (26)

where the former matrix element is given by

(0, X]2%10, \) = Con Coal (k + N + A + 1) (0 + og)~#HH Y
« (206))\/+1/2 (200) A+1/2 (27)
with 06 = 72/)\/’ 00 = 72/)\ and Coy = [F(2y + 1)]71/2’ where y = X or y = A.

Finally, by using the above relationships in equation (20) and equation (23) we
obtain the generalized closed form expression

W\ N2k, \) = 1 . ( /206 >X+1/2 ( /200 )AH/Z
(06 + 00) 0q+ 00 0o+ 00
y (—1)V'+v (mr(u +20M(2V)F(2)) > 12
(F@N + DX + 1)Y/? VIT(V + 2X)
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vV P v—a / V'+v—p—a—l
v pw—a [ 9 T 0
D IPIP e e e b=
og+ 00

p=00a=0 (=0
p(ay-atEFA=N v =)+ N 4 A+ by —ptl-a—])
Fk+X—N+v—p) v—a)T(v+2\—a)

5 Fk+XN—X+1v —p)
Fk+XN—-X+v —p—1)
At this point, it should be noticed that the algebraic procedure as well as the
closed formula for the calculation of the Kratzer potentia matrix elements displayed

above is rather complicated. However, the usefulness of the above egquations becomes
clear when we consider some particular cases as shown next.

(29)

3. Useful particular results

In order to compare equation (28) with already published results [1,12,14], we
are going to consider briefly the corresponding analytical evaluation of z* Kratzer
potential integrals. In fact, by using the Kratzer wavefunctions

2
Ry \(r) = gxy,x(Zor), (29)
where
Yoa(z) = (20) Y20, 72 A L2 1(2)
and
| 1/2
CV \ = V. ,
’ 2(v+ (v +2))

one gets

W Nk, ) = @0/ Y20y 2 C
x / e T NI LY 00 ) LA (20 r) dr. (30)
0

It isinteresting to point out that the integral in the above equation can be straight-
forwardly caculated if we consider the expansion definition for Laguerre polynomials,

A _r(V—i—A—i—l) - (_l)] v,..j
L) =—— ; orir ) (1)

That is, we obtain

oy = ()R (R

o' +o o' +o (0! + o)
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M/ +2V) T (v + 2))

X v Gy V' vl
Ve TN AA+L+i49) [ =20\ [ —20 \!
;Y . 32
% ;;OZ ¢ FRN + )2+ j) o' +o o' +o (32)

Finally, making use of the generalized hypergeometric function [4]

a / ,':C (a)l+_](ﬂ) (ﬂ )] e
Fo(e 5.8 1 2.) ;;) Mgt Y

it can be shown that for 3 = —v and 3 = —/ integers, sums in above F, are finite
for which equation (32) trasforms to

et () () ety
o' +o o +o (o’ + o)k
F@W +2\0rk+N+X+1)

ST (2T (2N

x (v 4 2X)

2 20’
><F2<k:+)\’+)\+1,—V,—V’,2>\,2X; e ) (33)
o' +o0 o' +o
At this point, it is interesting to note that this general expression contains as
particular case, for k = 1 and A = )/, the Tugov’s formula [13] for the calculation of
dipolar matrix elements

W Ny = 2 (@ +0) <r(u’ + 20 (v + 2A)>1/2
’ T A (v + ) + (V' + \)PH? vyl
rer+2) 2% 20
XwFZ<2)\+2 —U, *7/ 2)\ 2)\ o +O_ o +0> (34)

which was obtained by means of a non operational method based on the use of the
internuclear potential Green's functions [2].

With this important application, besides the fact that equation (32) and equa
tion (33) contain only two independent sums, it seems at first glance that these closed
formulae derived following the non operational procedure of Bastida et al. [1], Walden-
strom and Nagvi [14], Secrest [12] as well as Bunkin and Tugov [2] is ssimpler than
our proposed relationship, equation (28), obtained by means of an algebraic approach
or operational method. However, there are some advantages associated with our pro-
cedure and formulae that should be pointed out. For example, the succesfulness of the
displayed non operator procedure is conditioned by the fact that both wavefunctions
are undisplaced, which means that they can be interpreted as being associated to the
same potential and by consequence as one-center matrix elements. On the contrary,
the proposed agebraic approach can consider displaced potential wavefunctions which
is equivalent to establishing real two-center integrals.
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With reference to particular cases, in order to compare the closed form equations
that come from different approaches, we are going to consider some matrix elements.
For example, the closed form expression for the calculation of all diagona Kratzer
potential integrals is given from the non operator method by

(v, A2k [, A) = (%)k M+ 2)\)

V(v + N)
a— L Tk+20+ 1+ +7)
VO (—1)ti
X;;)CZCJ( T ar@ 1) (35)

while the corresponding one deduced from the algebraic approach is

1\ rEenrk+2x+1)
) 2\ + 1)

W, N|zF|v, \) = (

2070
- y NrNk+v-—a)
% (;Car(k:—V+oz)r(l/+2)\—a)(y—oz)!'

(36)

Clearly this last equation is simpler than equation (35) because equation (36)
contains only one summation.

Another useful result concerns non diagona matrix elements when & = 0 which
give rise, respectively, from the analytical result, to

<V/ )\I’V )\> :< 25 >)\'+1/2< 20 >)\+1/2

o' +o o' +o
F' +2\)T (v + 2\
TP+ 2)
V. v!
v , r()\/+)\+l+’t+]) —2q' i 2 7
Ci G5 (37
XZZ%JZ:O CT TN+ @A +)) \o'+o) \o' +o S

and from the algebraic approach to

onl  \N+1/2 ) A+1/2 )
<VI,>\/|V,>\> _ : g0 : ofy] ( )
oh + 00 ob+ 00 N + Drex + 1)/z
WM+ 2)\)F(2)\’)F(2>\)>1/2 N Y PN
( >y cierey e ——
V(Y + 2)) S e og+ 00
% (_1)u—a—lr()‘_)‘I+V_a)r()\/+)\+V/+V—p+l—a—l)
TAN=N+v—p) v—a)T(v+2\—a)

y rN—X+v —p)
O —"

(39)
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which are, in principle, not very similar. This makes it difficult to decide which one can
be considered as an improvement over the other. However, in this respect it isimportant
to note that equation (38) gives rise straightforwardly to (v, Alv, A) = 1 which is
the normalization condition between Kratzer wavefunctions, while equation (37) that
comes from the non operator method, leads to

V) F(V—i-Z)\)ZZCVCV( 1)+ Fr2x+1+1i+y) (39)

(v, T2l F@A+)F(2A + j)’

from where it is not evident orthogonality. Furthermore, the algebraic approach leads
to special cases

oy gy [ T@N) )P ro - )
(VL N0,0) =(-1) <V/!r(,// + 2)\’)> (TN +1r2x + )2

y 206 N+1/2 200 A+1/2
06 + 00 oo + 06

Yoo =\ TP N 41—
% ZCP ( > ( p) (40)
=0

oy + 00 FrA—XN-—p)

and

i —ap (T@) N Ty
(0. X, A) = (=1) (VWOW+2M) (@ +Dr@y + )2

) 200\ MY/2 20, N41/2
o0 + 0y op+ 00

o o= NPTV A+ 1+v—p)
G (mrm) Craoog @

which are equations that can be considered as an improvement to the corresponding
formulae

20/ N+1/2 2 )\+1/2r !4 2N
7 ) (L) MCI/,)\/CO)\

o' + o9 V'

@AxmA>:<,

o'+ oo

TO+N+144) [ =20 \'
v 42
ZC o () (42

and

20 A+1/2 20/ N+41/2 (v + )\
) <_0> QCO,)\/CV,A

o+ oy o+0; V!

<QXWJ%:<



282 J. Morales et al. / Kratzer potential integrals

v

TN H+X+1410) [ =20\
X;Ci r2\+1) <0+06>’ 3

that come from the non-algebraic procedure. In fact, athough both sets of above
equations lead, as expected, to the same result of lower matrix element

(0,N]0,A) = ( e >X+l/2 ( a2 )”1/2 Y @
oo+ 00 oo+ 00 (TN + Dr2N + 1))v/2

however, the particular case of A = )\’ isgiven, from the equation derived algebraically,

by

) / r(2)\) 2rox+ v/ +1) (o —o0\”

(A0 A) = (1) (m) F2\+ 1) <06 n ao> @)

ra V2rex+v+1) fo—oh\”
(0 Alv, A) = (=1 (u!r(zf +)2/\)> (r(zj\r+J1r) : <06 + a%) ’ (46)

which are eguations clearly more compact than the corresponding closed formulae
analytically obtained:

/ A+1/2 p 1/2
(A0, = 4o'og @ +2)\)
o' + og 2 + VT (2N + 1)

l//

xZCf/r(2A+l+i)<_20,>z (a7)
=0

2\ + 1) o' +o

or its symmetric

0, Ay, ) = (270 2 M(v+ 2% 12
Y o+ o} 2w + \vIr(2A + 1)

T N+1+14) [ =20 \'
X;Ci F@\+1i) <a+a/)' 49)

In any case, the above set of equations are used in the calculation of particular
cases of Franck—Condon factors.

4. Concluding remarks

With the present work we provide new closed formulas for the calculation of
Kratzer potential matrix elements derived via an algebraic (ladder operator) approach
that leads advantageously to improved equations when compared with the correspond-
ing ones aready published. Also, the matrix elements derived using ladder properties
of the raising and lowering Kratzer operators contain some useful particular cases such
as simplified equations for the calculation of Franck—Condon factors for undisplaced
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potentials. Thus, the proposed approach can be easily extended to consider algebraic
representations of other potential as well as real two-center matrix elements.
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