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Abstract We calculate information theoretic spreading measures of orthogonal func-
tions associated with solutions of quantum mechanical isospectral potentials. In partic-
ular, Shannon, Renyi and Fisher lengths have been evaluated for potentials isospectral
to the linear harmonic oscillator and the symmetric Rosen-Morse potentials. We have
also compared the behaviour of different lengths for the orthogonal functions and the
associated orthogonal polynomials.

1 Introduction

In recent years there have been growing interest in studying families of non trivial
potentials which are isospectral partners [1,2] of well known solvable potentials like
the harmonic oscillator [3,4]. Similar ideas have also been examined in the context
of supersymmetric quantum mechanics (SUSYQM) [5-10]. It is interesting to note
that while the solutions for most standard solvable quantum mechanical potentials are
given in terms of classical orthogonal polynomials, the solutions of the correspond-
ing isospectral partners (depending on one or more parameters) are generally given
in terms of orthogonal functions asbuilt up from classical orthogonal polynomials
[11-13].

In this context it may be noted that various information theoretic measures of uncer-
tainty have been studied in great detail for the classical orthogonal polynomials which
furnish solutions of such well known problems like the Harmonic oscillator, Coulomb
potential, Morse potential, Poschl-Teller potential etc [ 14]. Although isospectral defor-
mation of the above mentioned potentials have been studied by a number of authors in
the context of Darboux theroem or supersymmetric quantum mechanics, barring a few
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Table 1 Fisher lengths, Renyi

Pa— ~x —
lengths and Shannon lengths of n Gxp)n A 1) LA ) Nglpnl(A, )
the state y, (x4, 2) inEq.(24) 0.692008 3.51462 2.88259
forpy=1and A =1

1 0.413237 4.49039 3.79337

2 0.315388 5.21221 4.48006

Table 2 Fisher lengths, Renyi ~ = =
lengths and Shannorgl lengths };f n Gxp)n A\ Y) 211§n A v) NRrlpnl(A,v)

the state 1’//\,7 (x,v, M) in Eq. (31)

2.70648 1.93334 1.53992

fory=4and A =1
1 4.09497 2.86675 2.38479
2 4.62147 4.30161 3.46009

exceptions [15] they have not been examined much from the point of view of informa-
tion theoretic uncertainty. Here our objective is to compute the spreading measures for
the orthogonal functions which form solutions of isospectrally deformed potentials
and compare them with the same quantities for the associated classical orthogonal
polynomials.

It may be noted that the most familiar spreading measure is the root mean-square
or standard deviation

Ax =V/((x?) = (x)?) )

where the expectation value of a function f(x) is defined by

(F)) = / F O (x)dx @)

where p,, (x) is a probability distribution function. However this measure is not always a
particularly suitable measure of spreading and consequently we shall consider various
other information theoretic measures of spreading like the Shannon, Renyi and Fisher
lengths (Tables 1, 2).

Let us note that the Fisher information, the Renyi entropy of order g and the Shannon
entropy are given respectively by [16—18]

F = dl : = [ ! d 2d 3
Ryllon) = 3 In{lpn (01 ™) @)
Slpnl = ~ / Pn(x) In oy (x)dx )
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Since the Fisher, Renyi and Shannon entropies corresponding to a given density
pn(x) have particular units, which are different from that of the variable x, it is much
more useful to use the related information-theoretic lengths associated with these
measures. Thus we consider the Fisher, Renyi and Shannon length defined respectively
by [19,20]

1
X))y = —— 6
OO = o ©
LR = exp{Ry[pa ()]} (7
Nlpn] = exp{S[on(x)1} 8)

These three quantities together with the standard deviation will be referred as the
direct spreading measures of the density p, (x) because they share the following prop-
erties: linear scaling under adequate boundary conditions, same units as the variable,
and vanishing when the density tends to delta density. Moreover, they have an associ-
ated uncertainty properties and fulfil the inequalities [19]

(0x)n < (Ax)y
Nlpn(x)] = V2re(Ax)y, )
2 SUSY QM and construction of isospectral Hamiltonian

We note that a one dimensional SUSY Quantum mechanical model consists of a pair
of Hamiltonians H* of the form [5]

d2
HE(x) = ATAT = o Vi (10)

where
i d
AT =x— 4+ W(x)
dx

Vi(x) = W2(x) £ W (x) (11)

In this case the relation between the energies and the eigenstates of the Hamiltonian
H* are given by

Ey =0.Ey,, = Ef
_ _ o
v (x) = = ATy 0, Y () = EA v, (x) (12)
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We assume that the ground state belongs to the Hamiltonian H ~ and the correspond-
ing ground state is ¥, (x) = Cy exp[— f W (x)dx], where C, is the normalization
constant.

To construct non trivial isospectral potentials let us now consider another superpo-
tential W(x) such that

W2(x) + W (x) = W2(x) + W (x) (13)

Clearly one solution of the above equation is W (x) = W (x) while the other solution
is given by [21]

-2 [ W(x)dx

Wx) = W(x) + (14)

A+ e—ZfW(x)dx

where X is an integration constant which has to be so chosen that W is non singular.
It may be noted that V. (x) = Wz(x) — W’(x) is a new potential which is isospectral
to V_(x). The normalized ground state wave function and the excited state wave
functions corresponding to the potential V_(x, M) are given by [5]

YARE V0 ) o)

A+I(x)
7' (x) d W _
e (i) (i ve0) v

_ 1 7' (x) _
— m |:(A +I(X))wn+l( )+ (dx + W(X)) lﬁn+l(x)i|

Eyi
() Ppp1(x) (15)

Vo (x,A) =

Vo (6 N) = ¥,

where A > Oor A < —1 and

1
ey Tesye
®o(x) = VAG + Dy (1)
Dr1(0) = N+ TNy (0 + ') ( —_ wm) Yo, (6)
n+1

It is not difficult to observe that the wave functions in (15) are given in terms of
the functions ®¢(x) and ®,41(x) which are in general not polynomials orthogonals
multiplied by a weight function. However, they are orthogonal with respect to the
weight function w(x) i.e,
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]

/ By (1) ()0 (X)X = S (17)

—00

This relation actually follows from the standard orthonormality relation in quantum
mechanics

/ w;%dx = Smn (18)

We would like to point out that when A — oo the wave functions fﬁ\n_ (x,A) —
Y, (x) and the orthogonal functions ®,(x) reduces to some known orthogonal poly-
nomials depending on the superpotential W (x) and the weight function w (x) reduces
to the corresponding weight function of the orthogonal polynomials. In the next sec-
tion we shall construct the isospectral partners of the linear harmonic oscillator and
the Rosen-Morse potential.

3 Examples
3.1 The linear Hermonic oscillator

The first example we shall consider is characterized by a superpotential W(x) = ux.
In this case V4 (x) is given by

Vi) = P2 £ (19)

The above potentials are standard linear harmonic oscillator potential (shifted in
the energy scale). The energy eigenvalues and eigenfunctions of V, (x) are given by

Ef=2mn+u, n=0,1,2,...

2
v () = T Hy(x) (20)

while those of the partner potential V_(x) are given by

E, =2np, n=0,1,2,...

Vi

ux?
Wé’ T Hy,(/1x) 21

Y, (x) =

where H,, denotes the Hermite polynomial [22].
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The eigenvalues and eigenfunction [9] for the isospectral Hamiltonian V. (x) are
given by

Eg =0
En_-‘rl En_-‘rl
2
VAT D(4)te T

A JE[F emnPdr
(h+ V& L emrnar)

. 1 7'(x) d _
V1 6 s N) = ¥, (0) + —— £ ()\+I(x)) ( + W(x)) Vg (%)

Vo (o, p,A) =

((7\ +Zx) ¥, (x)+ ) ——V, ))
1

TAFI)
n-‘r
px?
Y
SV 2+ DT A+ Z(x)
x ((?\ LTV H ) ) @2
"w ﬂ n v/

where

Z(x)z\/g / e dy (23)

Next, for the sake of simplicity we choose n = 1. In this case

S FDe =

S ) =
Vo () VT A+0.5+05Erflx])
2
—~ 1 e 2 ,
Y (x,A) = N Tm (()\—i—I(x)) Hi(x)+Z (X)HO(X))
_ ! e A+ T()2x + 7
= Zﬁm(( +Z(x))2x +I'(x))
. 1 e*%
V27 A+0.5+0.5Erf[x])
—x2
x((?\+05+05Erf[x])2x+ [)Wz (x,A)
XZ
o~ 1 e 7 ,
vy (x,N) = (A +Z(x)) Ha(x) + Z'(x) H (x))

87 A+ I(x))
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_ [ e A+ I(x) (422 = 2) + T (x)2
= mm((%—(ﬂ)(X—)%— (x)x)

_ 1 e*%
V8T A +0.54+0.5Erf[x])
-

x2
2 N
x (0\ 4+ 0.5+ 0.5Erf[x]) 4x> —2) + 7 2x) (24)

3.2 The symmetric Rosen-Morse potential

Let us consider a symmetric Rosen-Morse potential sometimes also called Poschl-
Teller potential which is characterized by the superpotential

W(x) = ytanhx (25)
The corresponding partner potentials are

Vi) =v? = v(y F Dsech® (26)
The eigenvalue and the eigen functions for the potential V_(x) are

Ey =¥~ (y-n?% n=012 ..<[y]
¥, (x,v) = N, (y)sechY"xP, (y —n,y — n, tanh x) (27)

where N, (v) is the normalization constant and P, (y — n,y — n, tanh x) is the nth
order Jacobi Polynomial [22]. The eigen values and the eigen functions [9] for the
partner potential V, (x) are

+ _ -
En - En—i—l

v, (x,y) =

d
(d_ + W(X)) Vo () =9, (x,y =1 (28)
E- X
n+1

The eigenvalues and the eigenfunctions for the isospectral potential V_ (x,A) are

Ey =0
~ AN+ Dsechx
VoY = TR R M+ T
. ~ 1 T'(x) d _
V1 (v, N =9, (x,y) + £ (m) (E +vtanhx) V1 (x,y)
- (vt e+ 2 gy - 1)
A+ Z(x) ntl =

n+1
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. sechY "1 (x)
A+
7' (x)

Jer

A+Z(x)) Pys1(y—n—1,v —n—1,tanhx)

+———=P,(y—n—1,vy—n—1,tanhx) 29)

where
I(x) = o / sech®Ytdt (30)
B(y,0.5)
—0oQ

For computation of the various lengths it is necessary choose y. We choose y = 4
so that there are three bound states. The energy and the corresponding wave functions
for these states can be found from (29) and are given by

{[;_(x ) = VA + D)sechY x
0T VB 05+ I(x))
B VTI20AA + Dsech®x
"~ 32A + 16 + tanh x (16 + 8 sec h2x + 6sec h*x + 5 sec hbx)
— _ sech?(x) T'(x)
‘”I(X’A)‘HI()( o Nk )
B sech3(x) T'(x)
= 7\+I( ) ((?\+I(x))4tanhx + Ne )
3 8
— ;ej—hIEx; ((7\ +T(x) dtanhx 4+ 6 )
2
Uy (x\) = ;eihzix; (0\+I(x)) P»(2,2, tanh x) + \/(_) PI(2,2, tanhx))
2 /
- ;ej-hIEx; (()\ +7Z(x)) (Ttanh?x — 1) + I(\/1i2) 3tanhx)
. sechz(x) 2 35sech®x
= 7\—|—I( ) ((7\+I(x)) (7tanh x—l)—i—m?atanhx) (31)
where

1
T(x) = o {16 + tanh x (16 + 8sech’x + 6sec htx + 55ech6x)} (32)

4 Entropy length of the linear Harmonic oscillator and its isospectral partner
The position space Fisher length (gxy); (A) for the state 1//;,1_ (x, M) in Eq. (22) is

calculated forn = 0, 1, 2 and it is a function of A. In Fig. 1 we plot the Fisher lengths
(6xH), (M) against A for u = 1andn = 0, 1, 2. From Fig. 1 itis seen that the Fisher
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Fig. 1 Fisher lengths of the state 17},1_ (x, u, A) in Eq. (24) in terms of A for p = 1
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Fig. 2 Fisher lengths of the ground state 1?0_ (x, ., A) in Eq. (22) in terms of p for A = 0.0001 represent
DotDashed curve, A = 0.1 represent Dashed curve and A = 1,000 represent continuous curve

length increases as A increases for n = 0 and decreases as A increases forn = 1, 2.
Also one may note that for all values of A the Fisher length is an increasing function
of the quantum number 7.

We now compute the Fisher length (;S\x H)g (u) of the ground state 1}\0_ (x, i, A) as
a function of u for different values of A and the results are presented in Fig. 2. From
Fig. 2 we conclude that for a given A the Fisher lglgth (§xy)a () decreases as [
increases. Also we may say that the Fisher length (8xpg), (1) increases and tends to
(8xp)g () if A increases to a large value. So we conclude that for the excited states
Fisher length for the orthogonal functions is less than the corresponding classical
orthogonal polynomial which in this case is the Hermite polynomials.

Similarly we calculate the Renyi lengths 3;11; (A) of the state 17}"_ (x,A) in Eq. (22)
forn =0, 1, 2 and it is a function of (A, ¢). In Fig. 3 we plot the Renyi length E;ﬁ )
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Fig. 3 Renyi lengths of the state fﬂ\,,_ (x, 1, A) in Eq. (24) in terms of A for u = 1
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Fig. 4 Renyi lengths of the ground state @07 (x, u, A) in Eq. (22) in terms of u for A = 0.01 represent
DotDashed curve, N = 1 represent Dashed curve and A = 1,000 represent continuous curve

as afunctionof Aforu = 1,4 = 0.5andn = 0, 1, 2. From Fig. 3 we can say that as a
function of A the Renyi length increases as A increases for any values of the quantum
number n. Also it increases as the quantum number n increases for any value of A.
In Fig. 4 we plot the Renyi-length of the ground state fﬁ(; (x, i, A) as a function of
w for g = 0.5 and different values of A. From Fig. 4 the Renyi lengths Aglg (u, A) are
found to decrease as u increases for large values of A. Furthermore the Renyi-length
L0 (,u, A) decreases and tends to the Renyi lengths £, (/L) as A becomes large
for ¢ < 1 and the Renyi-length o HO R, N tends to the Renyi lengths £, R if A
increases and ¢ > 1. So we conclude that the Renyi length of the orthogonal functions
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Fig. 6 Shannon lengths of the ground state 1?07 (x, i, A) in Eq. (22) in terms of x for A = 0.0001 represent
DotDashed curve, A = 0.1 represent Dashed curve and A = 1,000 represent continuous curve

are greater than or less than that of the corresponding orthogonal polynomial according
asqg <lorg > 1.

The Shannon length N 1 pn1(A) of the same state l’p\n’ (x, A) in Eq. (22) is a function
of (A). In Fig. 5 we plot the Shannon lengths N, mlpn](A) as a function of A for u = 1.
From Fig. 5 we infer that the Shannon length increases as A increases for any values
of the quantum number n. Also it increases as the quantum number 7 increases for all
values of A.

Next in Fig. 6 we plot the Shannon length of the ground state {5(; (x, u,A\) as a
function of u for different values of A. From Fig. 6 we can say that the the Shannon
length N Ny [00](A) decreases as p increases for any fixed value of A. The Shannon
length N [p0](A) increases and approaches the Shannon lengths N, [00](A) as A
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Fig. 7 Fisher lengths of the state 12,,7 (x,v,A) in Eq. (31) in terms of A fory = 4

increases. So we conclude that the Shannon length of the orthogonal functions are less
than that of the corresponding polynomial.

5 Entropy length of the symmetric Rosen-Morse potential and the
corresponding isospectral partner potentials

The position space Fisher length (ng); (A) for the state 1}\; (x,A) in Eq. (29) is
calculated forn = 0, 1, 2 and it is a function of A. Now we plot the Fisher lengths
(8xgr); (\) as a function of Aand y = 4, n = 0, 1,2 in Fig. 7. From Fig. 7 it is
seen that the Fisher length increases as A increases for n = 0 and it decreases as A
increases for n = 1, 2. Also it can be seen that for any fixed value of A the Fisher
length increases with the quantum number n.

Next we plot the Fisher length (gx R)a (y) of the ground state fp\o_ (x,v,A\) as a
function of vy for different values of A in Fig. 8. From Fig. 8 we conclude that the
Fisher length (SxR)O (y) decreases as y increases when A is kept fixed. Also the
Fisher length (§xg) (v) increases to the Fisher length (8x R)g (v) if A incrreases. So
we conclude that Fisher length of the orthogonal functions are less than that of the
corresponding polynomial which in this case is the Jacobi polynomial.

Similarly we calculate the Renyi lengths £,/ R(\) of the state 1/f (x,A) in Eq (29)
forn =0, 1, 2 and it is a function of (A, ¢). Now we plot the Renyi length < Rn (?\) as
afunction of Ain Fig. 9fory = 4,g = 0.5andn =0, 1, 2. From Fig. 9 we can say
that the Renyi length increases as A increases for any values of the quantum number
n. Also it is increases as the quantum number 7 increases for a fixed values of A as
well as for any values of A.

Also plot the Renyi-length of the ground state 1}\6 (x,7v,A) as a function of y for
q = 0.5 and different values of A in Fig. 10. From Fig. 10 the Reny1 lengths RO ey
decreases as y increases for a large values of A. The Renyi-length o RO (/L, A) increases
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(6xr)0” ()

Fig. 8 Fisher lengths of the ground state fﬁo_ (x,7v,A) in Eq. (29) in terms of y for A = 0.0001 represent
DotDashed curve, A = 0.1 represent Dashed curve and A = 1,000 represent continuous curve
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Fig. 9 Renyi lengths of the state 1///\,,_ (x,7v,A) in Eq. (31) in terms of A fory =4

and increased to the Renyi lengths SE(J)Q (w) if A increases and increased to a large
number for ¢ = 0.5. So we conclude that Renyi length of the orthogonal functions
are less than that of the corresponding polynomial.

The Shannon length N RrL0x1(A) of the same states Jn— (x, A)in Eq. (29) is a function
of (A). Now we plot the Shannon lengths N rLon](A) as a function of A in Fig. 11 for
v = 4. From Fig. 11 we can say that the Shannon length slowly increases as A increases
for any values of the quantum number n and it is also increases as the quantum number
n increases for a fixed values of A as well as any values of A.

Also plot the Shannon length of the ground state {5(; (x,7v,A) as itis a function of
v for different values of A in Fig. 12. From Fig. 12 we can say that the the Shannon
length IVE [00](A) is decreases as y increases for a fixed values of A. The Shannon
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Fig. 10 Renyi lengths of the ground state %‘ (x,7v,A) in Eq. (29) in terms of y for A = 0.00001 represent
DotDashed curve, A = 0.001 represent Dashed curve and A = 1,000 represent continuous curve
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Fig. 11 Shannon lengths of the state &n‘ (x,7v,A) in Eq. (31) in terms of A fory =4

length ]/V\I; [pol(A) increases and increased to the Shannon lengths Ny [00](A) as A
increases and increased to a large number. So we conclude that the Shannon length of
the orthogonal functions are less than that of the corresponding polynomial.

6 Observation

Here we summarize the findings of our computation.
For the Harmonic oscillator
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Nlpol)

2 3 4 5 6 7 8

Fig. 12 Shannon lengths of the ground state fﬁa (x,v,A) in Eq. (29) in terms of y for A = 0.001 represent
DotDashed curve, N = 0.1 represent Dashed curve and A = 1, 000 represent continuous curve

e Fisher lengths of the orthogonal functions are less than that of the corresponding
associated orthogonal polynomial for any quantum number n and for any value of
e

e Renyi lengths of the orthogonal functions are less than or greater than that of the
corresponding associated orthogonal polynomials according as g > 1 org < 1
for any quantum number » and for any value of .

e Shannon lengths of the orthogonal functions are less than that of the corresponding
associated orthogonal polynomials for any quantum number n and for any values
of u.

For the Rosen-Morse potential

e Fisher lengths of the orthogonal functions are less than that of the corresponding
associated orthogonal polynomials for any quantum number n and y = 4.

e Renyi lengths of the orthogonal functions are less than that of the corresponding
associated orthogonal polynomials for any quantum numbern; g = 0.5andy = 4.

e Shannon lengths of the orthogonal functions are less than that of the corresponding
associated orthogonal polynomials for any quantum number n and y = 4.
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