IOPSClence iopscience.iop.org

Home Search Collections Journals About Contactus My IOPscience

The noncommutative quadratic Stark effect for the H-atom

This article has been downloaded from IOPscience. Please scroll down to see the full text article.
2005 J. Phys. A: Math. Gen. 38 1553
(http://iopscience.iop.org/0305-4470/38/7/010)

View the table of contents for this issue, or go to the journal homepage for more

Download details:
IP Address: 171.66.16.101
The article was downloaded on 03/06/2010 at 04:10

Please note that terms and conditions apply.



http://iopscience.iop.org/page/terms
http://iopscience.iop.org/0305-4470/38/7
http://iopscience.iop.org/0305-4470
http://iopscience.iop.org/
http://iopscience.iop.org/search
http://iopscience.iop.org/collections
http://iopscience.iop.org/journals
http://iopscience.iop.org/page/aboutioppublishing
http://iopscience.iop.org/contact
http://iopscience.iop.org/myiopscience

INSTITUTE OF PHYSICS PUBLISHING JOURNAL OF PHYSICS A: MATHEMATICAL AND GENERAL

J. Phys. A: Math. Gen. 38 (2005) 1553-1558 doi:10.1088/0305-4470/38/7/010

The noncommutative quadratic Stark effect for the
H-atom

Noureddine Chair'? and Mohammad A Dalabeeh'

! Physics Department, Al al-bayt University, Mafraq, Jordan
2 The Abdus Salam International Centre For Theoretical Physics, 1-34014 Trieste, Italy

E-mail: n.chair@rocketmail.com, nchair@alalbayt.aabu.edu.jo and chairn@ictp.trieste.it

Received 22 September 2004, in final form 1 December 2004
Published 2 February 2005
Online at stacks.iop.org/JPhysA/38/1553

Abstract

Using both the second-order correction of perturbation theory and the
exact computation due to Dalgarno—Lewis, we compute the second-order
noncommutative Stark effect, i.e., shifts in the ground-state energy of the
hydrogen atom in the noncommutative space in an external electric field. As
a side result we also obtain a sum rule for the mean oscillator strength. The
energy shift at the lowest order is quadratic in both the electric field and the
noncommutative parameter 6. As a result of noncommutative effects the total
polarizability of the ground state is no longer diagonal.

PACS numbers: 03.65.—w, 11.10.Nx

1. Introduction

When an atom is subjected to an external electric field in a given direction the energy levels of
the atom shift; this is the Stark effect (see, e.g., Bethe and Salpeter (1957)). If the electric field
is weak the shift in the energy level is linear in the electric field, by parity arguments there will
be shift only between states of opposite parity so the linear shift depends on the presence of
degenerate states. Therefore the ground-state first-order effect vanishes and hence the energy
shifts start at the quadratic order, the quadratic Stark effect. In both linear and quadratic Stark
effects one uses the ordinary perturbation theory. If the external field is strong, perturbation
theory is not justified, and one may use the WKB method (see, e.g., Bekenstein and Krieger
(1969)). The combined Coulomb and the external potential felt by an electron implies that
there are no absolutely stable bound states, and there is a possibility of quantum tunnelling. If
the field is increased enough, then the states become unbound, leading to the ionization (see,
e.g., Yamabi et al (1977)).

Here we are interested in studying the Stark effect in noncommutative quantum mechanics
of the H-atom in the ground state for which one can safely use the ordinary perturbation
theory. In this direction, the linear Stark effect has been studied by Chaichian et al (2001a)
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in which they showed that there is no Stark shift linear in the electric field induced by the
noncommutativity of the coordinates and in particular the ground state remains unchanged,
in the linear Stark effect. In the physical literature there are many papers dealing with
noncommutative analogues of different dynamical models (see, e.g., Chaichian et al (2001b),
Falomir et al (2002)). Like the ordinary Stark effect of the hydrogen atom, in order to obtain
correction for ground-state energy one has to go to the second order in perturbation theory. In
this paper we compute the noncommutative quadratic Stark energy shift using two methods.
The first one is to use the second order in perturbation theory that we just mentioned, which
contains an infinite summation over the excited states. The other method available is the
Dalgarno—Lewis method (Dalgarno and Lewis 1955) which is exact and does not contain any
summations over the excited states. In doing so we show that there is a noncommutative
quadratic Stark effect which results in a lowering of the ground-state energy like the ordinary
quadratic Stark effect. Both of these energies contribute additively to the polarization of the
hydrogen atom and as a result of the noncommutativity of the polarization tensor is no longer
diagonal. When equating the two expressions for the noncommutative quadratic Stark shift in
energy obtained by the two methods, we obtain the sum rule on the mean oscillator strength
for the Lyman series.

2. The noncommutative quadratic Stark effect for the ground state of the H-atom

Noncommutative quantum mechanics is defined through the following commutation relations:
[xi, x;] =16;;
[xi, p;] = ind;; (D
[pi,p;1=0

where 6;; is the noncommutative parameter and is of dimension of (length)?. It is convenient,
however, for computational reasons to change to the new coordinate system,

1
X; =Xi+ﬁ9ijpja pi = Pi, (2)
where the new coordinates satisfy the usual canonical commutation relations:
[xi, x;1=0, [xi, pjl =ihd;;, [pi, pj1=0. 3)

When the electron in the H-atom is subjected to a uniform electric field £ in the positive
z-direction, its potential energy is e Ez, therefore using equation (2) the total Hamiltonian of
this system that takes into account the noncommutative coordinates is
el pr SGxp P 4

=5 r+e Z+4h( x p)-E. “4)
The term eEz is the ordinary Stark potential whereas the term +ﬁ(§ X p) - E in the above
equation corresponds to the noncommutative Stark potential energy. The components of the
vector @ are written in terms of the noncommutative parameter 6;; as 6; = &;;0;x. Therefore,
(67 X p)i = —26;;p;j. As aresult the noncommutative Stark potential, apart from the 6;; term,
is the interaction between the induced electric dipole moment of the electron and the external
electric field. Note that, though the model in question is introduced in a noncommutative guise
it is essentially commutative. It is well known that at first order in perturbation theory there is
no shift in the ground-state energy of the H-atom due to the perturbing term e Ez. Similarly
the noncommutative Stark perturbing potential does not change the ground-state energy in the
first order of perturbation theory (Chaichian et al 2001a). Like the ordinary Stark effect one
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needs to go to the second order in perturbation theory in order to find the correction to the
ground-state energy, this is the quadratic Stark effect. Using the fact that p; = #[x;, Hol,
P e

2 . .
where Hy = 5~ — < the correction to the ground-state energy then is

l(n, [, m|HNO|1,0,0)?
BN = 3

n#l,l,m E’(')_ E?
l(n. 1. m| 5 (E x 6)1(Ix1, Hol + (E x §)a[x2, HoD)|1, 0, 0)?
=2 =y : 5)
n#1,lm E) - E

-

where we have used (67 X P) - E = (E X 5) - p. The states |n,l, m) form a complete set

0
of eigenstates of the free Hamiltonian, Ho|n,l,m) = E°|n,l,m) and E? = f—z‘, E) is the

ground-state energy. Using the identities x & y = rsinf exp(+i¢) = Frv %”Yf], where
Y]" are the spherical harmonics for / = 1 and m = 1. Then x, y in terms of the spherical

harmonics are
27 1
xX=r ?[Yl 0, ¢)—Y|(0,0)]

: 2n -1 +1
y=ir T[Y‘ @, )+ Y16, 9],

and hence by orthonormality of the spherical harmonics, the selection rules are, Am =
+1, Al = 1. Using the selection rules and doing the angular integration, equation (5)
becomes

2

) (6)

2,210 2
2(NC) emEl - —>21 n-—1
E = E x0|" =

: T "3 ; n’
where R, are the radial wavefunctions for the hydrogen atom, corresponding to the principal
quantum number 7 and the orbital quantum number /. The radial integration is already

computed and is given in Bethe and Salpeter (1957), the results are

00 2 8 7 2n—5
2 -1
/ R,r°Ryodr nn—1 2
0

o0
f R,i17°Ryodr
0

- (n+ 1)2n+5 a,

where a = % = — % is the Bohr radius. Finally, the noncommutative quadratic Stark effect
for the hydrogen atom at the ground state reads
2 N -1 2871.5(1’1 _ 1)21174
p2No _ e B G2l i A 7
1 32h2| | 3 Z (n + 1)2n+4 ( )

n#l
Therefore there is a contribution to the Stark effect from the noncommutativity of coordinates
which were not present in the first order in perturbation theory. Note also like the ordinary
Stark effect the noncommutative quadratic Stark effect also results in a reduction of the ground-
state energy. This means that the contribution to the Stark effect would be the addition of the
usual quadratic Stark effect E 12(c> = —94i3 |E |> and that given by equation (7). There is no
contribution from the crossed term of the full potential,

e - . =
Vstark = eEz + E(e x p)-E.

One can check this using the selection rules. In the following section using the method due to
Dalgarno and Lewis (1955), we will show that the exact contribution to the noncommutative

quadratic Stark effect is E;NC = —%U’? x 02
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3. The exact computation

In this section we will briefly review the method due to Dalgarno and Lewis (1955), then use
it to carry out the computation for the noncommutative quadratic Stark effect. In this method
the goal is to find the perturbed ground state wll which is assumed to be related to the ground
state in the form, wll = Fr; where F is a scalar function of the variables that occur in the

Hamiltonian, and then use the relation, EZ(NC) (Y1 |H' |1//1) I(NC)WI |1/f11> = <1ﬂ1 |H’|w11>

(the first-order correction E| INO = 0) to compute the second-order correction, H' being

the noncommutative perturbmg Hamiltonian and v, is the ground-state wavefunction for the
hydrogen atom. The first-order equation in perturbation theory is given by

(Hy— EDy| + (H' — E}) Y. (8)

Setting Iﬂll = Fr; where F is a scalar function of the variables that occur in the Hamiltonian,
and defining a reduced potential by V' = H' — E| = H' — (y |H’|1p11> then the first-order
perturbation equation it can be written as

[Ho, Flyri + V'Y =0, &)

where Hy = — %Vz + u(r) is the free Hamiltonian for the H-atom and u(r) is the Coulombic
potential. Because u(r) and F commute then one can show (e.g., see Hmmeka (1981)) that
the function F is the solution to the following differential equation:

n? 2 v’wl)
—V2Fyy — —st = , 10
m Yy Y < " (10)

where 2 is the differential operator defined by

xd yad z20
Q=——+=—+-—. a1
rox rdy roz
The reduced potential in our case is the noncommutatlve Stark potential as the first-order
correction £, NGO — o, By acting by the operator VStark =z (0 X p) - E on the ground-state
wavefunctlon ¥ = (wa)~1? exp —(r/a) the differential equation (10) is then

n? 2

—3-VF - -QF = —i[(Exé)x§+(1§x§)}%]. (12)
From the following relations

V2(xr) = 2, Qxr) = 2x

V2(x) =0, Qx)=7

Vi) =%, Qyr) =2y

V3(y) =0, Q) =7,

the solution to our differential equation would be of the form
F=ax+pBxr)+yy+68Qyr), (13)

where «, 8, y and § are constants to be found. Substituting this expression into equation (12),
then we find

em - - - o
F =5 x 8+ (E x)yy) (14)
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Having found the expression for F, the second correction to the ground-state energy will be
given by an integration rather than summation,

E;NO (1//1|H |Fy)

41h2 " WIIE x B)py+ (E x 0), PyII(E x 6).x + (E x 6),y][¥1)

? 2z J
-2 |:|E X6 +1(E x ). (nlx =) +1(E x 9)y|2<w1|y5w1>].
(15)

Note that we have dropped the terms (Y1y-=v:) and (Yyx--v,) as they vanish by
orthogonality of the spherical harmonics. Writing both x and y in the spherical harmonics
then doing the angular and radial integration we obtain the following exact result for the
noncommutative quadratic Stark effect:
em - -

E;NO = —W|E x 6% (16)
Comparing this result with that obtained in the last section using the second-order perturbation
theory given by equation (7) we conclude that

1 28n5(n _ 1)2n—4

3 Z T 1. (17)

n#1
Indeed this is the case, this sum is nothing but the sum rule of the mean oscillator strength for
the Lyman series (Bethe and Salpeter 1957) which is equal to 1 as one can check by setting
I = 0 in equation (61.5) for the ground state (Bethe and Salpeter 1957). Therefore, equating
the exact computation for the energy contribution in the noncommutative quadratic Stark effect
with that computed in the last section we derived the sum rule for the mean oscillator strength.
This quantity is a dimensionless quantity and proportional to the frequency times the dipole
moment.
Adding the noncommutative quadratic Stark shift energy to the ordinary Stark shift we

have

9’ - e’m 3555a
E}* = ——|E)* - Ex6>— E[*+O(E 18
1 7 |El 32h2| * |E[*+ O(E|"). (18)
This energy in terms of polarizability is
EY™™ = —Le EiE;, (19)

where ¢;; is the polarizability tensor. In general ¢;; is a function of external field, however, up
to second order it is electric field independent. One can easily read off ¢;; from equation (18):
2

gaijcﬁ + %(92&, —6:0)). (20)

From this equation we make the following remarks, first noncommutative polarizability
is not proportional to §;; it has a more complicated tensorial structure. In other words the
noncommutative Stark effect is direction dependent. It is due to the fact that an electron (in
general any charged particle) in noncommutative space also has an electric dipole moment.
The second remark is that 8 N has a zero eigenvalue (g;;0; = 0). Physically it means that

Ejj =

the noncommutative Stark effect vanishes if the external electric field is parallel to 6. This is
explicitly seen from equation (16). The third remark we make is of observational significance;
although the present experimental data on the Stark effect are not updated and precise
enough to improve the current bounds on noncommutativity coming from other experiments
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(Chaichian et al (2001a)). One may still study observational prospects of the noncommutative
Stark effect. It is convenient to present our results as the the ratio of noncommutative to
commutative results, i.e.

ENO)
Anc = EC
GRIEx 6P @R ey
R =724s1n¢,
T |El a

where ¢ is the angle between 6 and E. It is worth noting that the above ratio is independent
of agep. If the precision of the Stark effect is Ps,k, the ratio Axc should be within the error
bars of the experiment or ANc < Psprk. From this one can infer an upper bound on 6, or
equivalently a lower bound on the noncommutativity scale.

4. Conclusion

In this paper we have shown that there is a contribution to the quadratic Stark effect due to
the noncommutativity of the coordinates. We have obtained the correction to the ground-state
energy using two methods and by combining the two we have derived the sum rule of the
mean oscillator strength. If the external electric field E is parallel to 6 then there will be no
shift in the ground-state energy of the H-atom, therefore in this case we have only the ordinary
quadratic Stark effect. If the two vectors are not parallel then the polarization of the ground state
is no longer diagonal. From which we may infer some lower bound on the noncommutativity
scale.
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