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Abstract

Using a probabilistic interpretation of resonant states and square-integrable real basis set
expansion techniques, we propose a formula useful to calculate the lifetime of a resonance.
Our approach does not require an estimation of the density of states. The method is illustrated
with calculations of s- and p-resonant state energies and lifetimes.

(Some figures may appear in colour only in the online journal)

1. Introduction

Since the pioneering work of Gamow modeling the o decay
in radiative nuclei [1], resonant states have become of great
importance in quantum physics. Resonant states appear in
nuclear physics [1, 2], atomic and molecular physics [3, 4]
and, more recently, in nanophysics [5-7].

In a series of papers Hatano and collaborators [8—10]
presented a probabilistic interpretation of resonant states. In
these works, a resonance is defined as an eigenfunction of a
Hamiltonian with Siegert boundary conditions, that is, when
the potential goes to zero, the wave function is only an outgoing
wave [11]. Due to Siegert conditions, the problem is not
Hermitian; the eigenvalues are complex, the wave functions are
not square-integrable and the particle number around a central
volume exponentially decays in time because of momentum
leaks from the volume.

Many methods were developed in order to calculate the
complex eigenvalues of resonant states. The most widely
used methods are based in complex scaling transformations
that turn the resonance state into a square-integrable function
[12, 13]. In particular, a modification called exterior complex
scaling [14] was used recently in many photoionization
problems [15, 16].

However, due to its simplicity, there also exist several
techniques to calculate the real part of a resonance eigenvalue
using the Ritz-variational method with a square-integrable
real basis set. These methods, generally called stabilization
methods [17], use the abrupt change of a physical quantity
when a variable is ‘crossing’ a resonance. In particular
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different authors used the variational energies [18, 19], the
von Neumann entropy [7] or properties such as the double-
orthogonality condition [20] to obtain the real part of the
energy. In order to calculate the imaginary part of the resonant
energy, all these methods use an approximation of the density
of states fitting the numerical data using a Lorentzian function
[17, 19, 21].

In this paper we use the formalism of Hatano [8-10] to
obtain an expression of the imaginary part of the energy useful
to calculate it only using a stabilization method, without an
extra fitting or approximation.

The paper is organized as follows. In section 2 we use the
Hatano formalism to obtain a relation between the real and
imaginary part of the energy and the density of probability
in the central region. In section 3 we apply the results of the
preceding section together with real basis set expansions to
calculate the complex energy of a resonance. Finally, section 4
contains the conclusions with a discussion of the most relevant
points of our findings.

2. Definition and properties of resonances

Here and elsewhere we use atomic units, 7 = 1;m = 1. A
general solution of the time-dependent Schrodinger equation

. S0
Hl/f(x,t): 151//()5,1‘), (1)
obeys a continuity equation
dp(x,t -
D v dtwn =0, @)
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where p and J are the standard density and current of the
probability [22]

p(E 1) = Y (& 0%
- 1
JED = W EDVYED -y EDVYEDL ()

Equation (2) could be written in integral form
a _ R
5 | p@naty = - [ Jiwn-d. @
at Jo 90

where d is the spatial dimension, €2 an arbitrary volume and
0%2 its frontier. Following Hatano [8—10], we define N, the
number of particles inside a volume 2

No(t) = / p(x, 1) dx. ®)
Q

From the definition of J [22], equation (5) takes the form
il o o o g
—Na(t) = —Re< YH(X 1) P (X, 1) -dS> . (6)
ot 99Q(0)

This equation, that expresses the particle-number conservation
inside the volume €2, corresponds to equation (15) of reference
[9]. If the wave function goes to zero faster than r~@=1 for
large values of r the right-hand side of equation (6) goes
to zero, expressing the conservation of the normalization,
as happens for bound states. Resonant eigenstates are not
Hermitian solutions of the Schrédinger equation and the wave
functions have exponential divergences, equation (6) describes
a flux of particles outside any volume €2, even in the limit
Q — R and the particle-number is not conserved.

Hatano suggested how to maintain the probabilistic
interpretation of the wave function for resonant states [8—10].
The resonance is interpreted as a metastable state, which is
localized inside a volume €2, at t = 0. Hatano defined a time-
dependent volume €2(¢) by the condition

dN =0 7
e 2 () = 0. @)

The reasonable initial condition for this equation is Ng) (0) =
1. This condition together with equation (7) imply that
No@(t) = 1Vt > 0. The expectation value of an operator O
is calculated inside the volume €2(¢) as

A (v1O1y)
(O)aq) = WOY)an ’
(Y1)
which is well-defined for all times.
Equations (5)—(7) give an equation for 9€2(z)

ox 3
Re ((‘” \(E B P) ‘”LM) =0 ©

In order to obtain solutions of equation (9), we have to
particularize the system. We restricted our study to solutions
of the time-dependent Schrddinger equation with fixed energy

Y@E D = e yp ), (10)
where E and g (X) are the eigenvalue and eigenfunction of
the time-independent Schrédinger equation. We assume one-
particle Hamiltonians with central potentials that tend to zero

at infinity. Then, for central potentials we can use the reduced
radial Schrédinger equation for /-waves

Hug;(r) = Eug,; (1),

®)

Y

where
1 & I+1)
Hl = —Em T + V(V) and
ug,(r)
YE® = =Y, (), (12)

where Y} ,,(€2) are the spherical harmonics [22].

Resonant states obey non-Hermitian Siegert boundary
conditions [11], ug ;(r) ~ ek for r — oo, where k = V2E.
Siegert states are non normalizable, so they do not belong to the
Hilbert space and their complex eigenvalues E = £—il" /2 are
interpreted as energies £ and inverse lifetimes I" of metastable
resonant states.

By symmetry, the solution of equation (7) for the volume
Q(t) is a sphere of radius R(¢), 2(t) = B(R(t)), with the
initial condition Ry = R(t = 0). In this case, equation (9)
gives the evolution of R(¢)

R() = Im (aruE,l(r)>

ug i (r)

The right-hand side of this equation does not depend explicitly
on ¢t and the formal solution is

13)

r=R(t)

R@® dr
t = / _. (14)
RO) Im Orutg 1 (r)
ug, 1 (r)
Even the resonant-state functions are not square-
integrable; the initial conditions for Np fix the arbitrary

normalization constant
Ro
Ns(ry)(0) = fwf(f, 0> d’x = f lug (D7 dr = 1.
0
(15)

With this condition, the expression for Np())(¢) takes
the form

R()
Nawon® = [ s, =1 q16)
0
and the derivative with respect to ¢ gives
RM)> .
Pl ROP L an

R
o drlug. (P
Combining this equation with equation (13) we obtain
Im(ug ,(R(1))0yug,1(r)|r=r))
P= bl = (18)
Jo drlug (n)?

This simple expression for I' is not convenient for numerical
calculation with real basis sets. With this in view, we write the
explicit expression for the asymptotic behavior of the wave
function

ug, (r) = Ce* vy(k,r), (19)

where C is a normalization constant given by equation (15).
Equation (19) in equation (18) gives

= fre o) )

8rv/ (k, r)
v (k, r)

|ug,1 (R())I?

JRO" drfug ()P
20)
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By definition k> = 2E = 2& — il", which gives
12

2
Im(ik) = Re(k) = | ,/E2+ <g> +& @21

Finally, using equation (21) in equation (20), we arrive at

the expression
Lk, r)
v (k, r)

r ak
I' = E+ 52+<E> +Im<

lug,1(R(1))|?
X
Jo drlug ()

r=R(t)

(22)

For the important case treated in [8, 9] of potentials with
a finite support,

Vv it r<n
v = {0 if r>rg (23)
we have an explicit expression of v for /-waves, valid for r > rg
I+ N 1
k, —1)/ 24
vk, r) = Z( D T Gy (24)
In particular, for s-waves [ = 0, vo(k,r) = 1; then

equation (22) reduces to a linear relation for I'?, which gives
172

o e juso RO\
2 [ drlup.o(r)2
lug,0(R(1))|?

_— (25)
TR drfug o (r)2

Equation (22) and, for [ = 0, equation (25) relate I
with real magnitudes, £ and |uE,1(R) |2. This fact makes these
equations useful tools to calculate I' using square-integrable
real basis sets, as we show in the next section.

3. The Ritz-variational method and resonances:
numerical expansions

In this section we use equations (22) and (25) to calculate the

imaginary part of the energy of a resonant state, applying the

Ritz-variational method with real square-integrable basis sets.
We exploit three facts of the variational expansion.

(i) There are several accurate methods to calculate the real
part of the eigenvalue, or energy, £, of a resonant state.
(i1) The variational method gives good approximations to
the exact (non-normalizable) densities p(r) where the
resonant states are localized (see figure 1).
(iii) Equation (22) involves just real quantities that could be
evaluated with Ritz-variational wave functions.

Even equations (22) and (25) are valid for R > ry
because (see item (ii)) in the numeric:2a1 calculations we take
R = Ry = rp and then f(fo dr ’uE,l(r)} =1

31.1=0

We begin with the simple case of s-waves, / = 0.
For a clear notation, we will omit the subindexes E and
I = 0, then u(r) for an arbitrary potential V (r) has the form

_Jus(@) if r <r
I/t(}") - {M< (ro) eik(r—r()) ifr > 7o (26)
Then, in this case equation (25) takes the form
1/2
u=(r 2\ 2
r = [25 + (%) [u=(ro)|*. (27)

Equation (27) involves two real quantities, |u=(ry)|*> and &,
both quantities are well-approximated by applying the Ritz
method using a real square-integrable basis set truncated at
order N, {<I>,-}]1V . In this approximation, the Hamiltonian H; is
replaced by a N x N Hermitian matrix [H/];; = (®;|H;|P;)
and we obtain N eigenvalues E, and eigenvectors @™, The
corresponding orthonormal eigenfunctions are

Z al” ®;(r);
(28)

In particular, we have used the double-orthogonality
method (DO) [20] in order to calculate the real part of the
resonant energy £®) and the variational square-integrable
approximation for the resonant wave function uY)(r). This
method assumes that the potential depends on a parameter A,
and when A is varied on an interval [A7, Ag] a given eigenvalue
ny crosses the resonant energy value at A,,, as illustrated in
figure 2. The method uses the fact that in both sides of the
interval, A, and Ag, the ng eigenvalues and eigenvectors in the
left and in the right of the avoiding-crossing zone correspond
to different states of the quasi-continuum and the resonant
state is orthogonal to both of them. We define the double-
orthogonality function

D, (M) = [{(¥a(Ar), Y ()
(W (Ar), Yu )2, (29)

Because the eigenfunctions are normalized, 0 < D, (1) < 2
For a given eigenvalue ny, we define the localization of the
resonance A,, as the value of A where D, (1) reaches its
minimum, that is, where the eigenfunction has a minimum
projection onto the quasi-continuum states, as shown in
figures 3 and 6. This method has the advantage over other
stabilization methods in that we only have to solve the
variational problem once. The price we pay is that A, is also
an output of the method and we cannot choose it arbitrarily.
The best approximation of the resonance is defined as

for A, < A < Ag.

)\no = min Dno()\);g(kno) = Eno()\no)-

(30)
A€[Ar,Ar]

Once we determine the optimal A, its eigenfunction
YN (r) [20] together with the normalization condition
equation (15) give
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Figure 1. p(r) for al = 0 resonant state; exact (black line) and Ritz-DO approximations with N = 100 (red line) of the potential from
equation (34). (a) Global view, (b) region 0 < r < ry = 6, where the resonant state is localized and (c) the exterior region r > ry = 6, where
the resonance diverges and the variational expansion is a stationary wave.
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Figure 2. (a) The first 30 eigenvalues of the N = 100 Hamiltonian matrix of the / = 0 block of the potential equation (34) as a function of
the barrier height 1. (b) Same as (a) with exact (green line) and approximate (blue dots) energies of the resonant state.

Y (r)
o [ (] dr
__Thdiee o
Vi a0

uM () =

where

R
I ;(R) ='/0 D, (r) ®,(r)dr. (32)

Then, from equation (27) we obtain for V)
2
(v (ro))
Z?,Ijzl algN)aj'N)Ii,j (ro)

( (WY (r))?

2
+2¢&
2 Zﬁ]j:l aEN)a;N)Ii,j(ro))

™ —

172

(33)

As a particular case, we calculated the resonant states for
a problem with an exact solution, the well+barrier potential
(23]

o [

where all the parameters are positive. The exact wave functions
are different combinations of exponential functions in each
sector, with continuous logarithm derivatives at »r = A and
r = rg. The exact energies for bound, virtual and resonant

ifr<A

ifA<r<ry’ (34)

X

Figure 3. D, for the / = 0 block of the potential equation (34) as a
function of the barrier height A for N = 100 and n = 2, ..., 30. The
minimum of each curve is defined as the localization of the resonant
state.

states are given as solutions of three different transcendental
algebraic equations, which are obtained by applying the
corresponding boundary condition at r = ry [23].

The calculations were done as a function of the barrier
height A, with fixed values of Vj = 0.15, A = 5 and ry = 6.

A convenient orthonormal basis set is given by
Oi(r) = ————e"LP () i=1,...,N,
i+ 1Da+2)

(35)

where Ll@ (r) is the Laguerre polynomial of degree i and order
2 [24].



J. Phys. B: At. Mol. Opt. Phys. 46 (2013) 115001

E Cuestas and P Serra

0.0006—
0.0004 —
r
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Figure 4. Exact (red line), N = 100 (turquoise dots) and N = 500
(black squares) values of I' against the barrier height A for the [ = 0
block of the potential equation (34).

Figure 5. The first 30 eigenvalues of the N = 100 Hamiltonian
matrix of the / = 1 block of the potential equation (34) as a function
of the barrier height A. The approximate energies of the resonant
state calculated with DO are also shown (blue dots).

In figure 2(a) we show the first 30 eigenvalues given by
the Ritz method with N = 100. In figure 2(b) we add the
exact resonant energy curve and the values calculated with the
DO, functions, which are shown in figure 3 for N = 100 and
n =2,...,30. Once the energy was obtained, the width I" of
the resonance is calculated using equation (33). In figure 4 we
show I'(A,) for two different sizes of the basis set: N = 100,
forn=2,...,30and N = 500, forn =2, ..., 140. Our data
show an excellent agreement with the exact curve I'(), that
is also included in the figure.

32.1=1

From equation (24), the function v; (k, r) for p-waves takes the
form
i

vi(k,ro) = 1+ (36)

kr() '
In this case, it is convenient to re-write equation (22) as a

function of x = Im(k):
|u(ro)|?
+ 27’0 .

2
S+ (l + fuo)] )x2 + (5 n
ro 2
37

Jutro) P
8 —
+ 2

1
ng

=0.

Figure 6. D, for the / = 1 block of the potential equation (34) as a
function of the barrier height A for N = 100 and n = 2, ..., 30. The
minimum of each curve is defined as the localization of the resonant
state.

0.0015 T I T I T | T
0.0011- { §

0.0005—

Figure 7. Exact (red line), N = 100 (turquoise dots) and N = 500
(black squares) values of I' against the barrier height A for the [ = 1
block of the potential equation (34).

The definition of resonance establishes that Im(k) > 0O
and we have already proved for each case that we have studied
that equation (37) has a unique positive root. Finally I' is
obtained from the definition of & as

[ = —2x,,/2 + 22,

where x, is the positive root of equation (37).

We calculated the inverse lifetime I' for a / = 1 resonant
state of the potential equation (34) as a function of the barrier
height X, with fixed values of Vj = 0.3, A = 5 and ry = 6.
In figure 5 we show the first 30 eigenvalues of the N = 100
p-block of the Hamiltonian matrix and the resonant energies
& calculated with the DO method. The curves D, () for
n = 2,...,30 are shown in figure 6. Note the qualitative
differences between the DO curves for / = O and [ = 1 in
figures 3 and 6 respectively. These differences are due to the
existence of a virtual state between the bound and the resonant
states for the [ = 0 case, which is absent in the [ = 1 case,
where the bound state is continued directly in a resonant state.

In figure 7 we show the exact curve I" versus A and the
approximate values obtained with two different basis set sizes:
N =100,forn=2,...,40and N = 500, forn = 2, ..., 200.
As in the case with zero angular momentum, we obtain an
excellent agreement between exact and approximate results.

(38)
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4. Conclusions

In this work we used a probabilistic interpretation of resonant
(Siegert) states based on the conservation of the number
of particles inside a time-dependent volume [8—10]. The
advantage of the probabilistic interpretation of resonant states
is that it is possible to work with Siegert states in a similar
way to bound states, by calculating probabilities, expectation
values, etc.

In particular, we obtain the exact equation (22), which
reduces to equation (25) and equation (37) for / = 0 and
I = 1 respectively. These equations relate the inverse lifetime
with other real magnitudes, the energy and the density of a
resonance. In previous papers, once the energy of a resonance
has been obtained by applying a real algebra stabilization-like
method, the resonance width is calculated by performing a
fitting of the density of states ([19] and references therein,
[20]). In the present work equation (22) gives a value for I"
with the same degree of accuracy that we obtain for the energy
of the resonance £.

We emphasize the simplicity of the calculations compared
to other methods that use complex algebra to study resonant
states. We present our results for potentials with finite support,
but equation (22) is valid in general, and the calculation of T’
could be corrected by a systematic perturbative expansion.

An open question is how equation (22) could be
generalized for few-particle systems, where many channels
are present. We are working in this direction.
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