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Abstract

We study some basic and interesting quantum mechanical systems in
dynamical noncommutative spaces in which the space- space commuta-
tion relations are position dependent. It is observed that the fundamental
objects in the dynamical noncommutative space introduced here are string-
like. We show that the Stark effect can be employed to determine whether
the noncommutativity of space is dynamical or non-dynamical. It appears

Th® | )
that unlike non-dynamical case there is a fundamental energy — in this
m

dynamical space.

1 Introduction

The idea of extension of noncommutativity to the coordinates was first suggested
by Heisenberg as a possible solution for removing the infinite quantities of field
theories. The renewed interest by physics community started to grow after
the paper by Seiberg and Witten [1], see also [2]. Noncommutative quantum
mechanics has received a wide attention in recent years and many physical
problems have been studied in the framework of the noncommutative quantum
mechanics.

The noncommutativity of the coordinates can be described by the following
commutation relation:

[T, 2] = 10, (1)

where 6, is an anti-symmetric tensor. The simplest case corresponds to 0,
being constant, which we call it non-dynamical or #-noncommutative spaces. In
[3], the authors assumed 6, to be a function of position coordinates.

Recently [4] a generalization to dynamical( position dependent ) noncommuta-
tive spaces (DNCS) has been proposed in which the noncommutativity tensor is
not constant but is position dependent and the following commutation relations
are introduced for a two dimensional dynamical noncommutative space :

[X,Y]=40(1 + TY2) i [X, Pl =dh(1+ TY2) i [ X, Py =2irY (0P, + hX)
[pr]:iﬁ(1+TY2) i [YP]=0 ; [szpy]:() (2)
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It is worth mentioning that by taking 7 — 0, we recover the non-dynamical
(f-noncommutative) commutation relations:

[an yO] =10 5 [IOapzo] =ih ; [xo’pyo] =0
[y07py0] =1h ) [yf)upwo] =0 ) [p$07py0] =0 (3)

The X coordinate and the momentum in Y direction, P, are not Hermi-
tian so the Hamiltonian involving these variables will in general also not be
Hermitian. But we may look for a similarity transformation i.e. a Dyson map
n O n~' = o = of which convert the non-Hermitian system into a Hermitian
one. It is shown that the relevant Dyson map is n = (1 + TY2)_1/2, so the new
Hermitian variables z, y, p; and p, can be stated in terms of f-noncommutative
space variables as follows [4]:

z=nXn""

1+ 750) 2 (1 + yd)mo (1 + Ty8) /2
(1+7y0)?20(1 + 7y5) "/
y=nYn"" =1 +7y5)" Pyl +759)"* = o
( )
( )

pe =Pt = (14+753) " ?pa (1 +795)"% = pay
py =nPyn " =1+ 7155) 2 (1+ 7yd)py, (1 + 713) /2
= (14 790)"pa (1 + 73) " (4)
where zero index indicates the coordinates in 8-noncommutative spaces.
These Hermitian dynamical noncommutative variables satisfy the following re-
lations:

e, y] =i0(L+7y*) 5 [w,p] =ih(L+7Y%) 5 [paspy] =0

[z,py] = 2iTy(Opy +ha) 5 [y,p] =0 1 [y,p] = (1 +TY)  (5)
Using Bopp-shift one can relate the 8-noncommutative variables to the variables
of standard (conventional) commutative space:
° 2h
where 0;; = €;;,0;, and we take 3 = 6 and the rest of the §—components to zero
[7].
An interesting point is that the minimal uncertainty of the coordinate X:

Lig = T4 Py y  Pig = Dis ) 1,Jj =y (6)

leads to a minimal length for X in a simultaneous X, Y measurment, but there
is no nonvanishing length in the Y-direction [4]. Here p = n? = (1 +7Y?2)71,
is the metric operator, and (Y'), is the expectation value of operator ¥ with
respect to this metric.

This means that the fundamental objects in this type of dynamical noncommu-
tative spaces are string like and this is a good motivation to study physics in
these spaces. In this paper we study some interesting and important quantum
systems in DNCS.



2 The harmonic oscillator

Harmonic oscillator is an important model in many branches of physics. It can
be used to illustrate the basic concepts and methods in quantum mechanics. It
also has applications in a variety of branches of modern physics including spec-
troscopy, condensed matter physics, nuclear structure, quantum optics, quan-
tum field theory and statistical mechanics.
The Hamiltonian of a two dimensional harmonic oscillator in DNCS is given by:
2 2
Petpy 1 50, 2
H(z,y,ps, = — 4+ —mw(z” + 8
(@9, P2, py) = =5 + gmw”(z” +y7) (8)
Using Eq.(4), we rewrite the Hamiltonian in terms of §-noncommutative vari-
ables:

1
720, Y0, Prgs Puo) = 5[0, + (1 785) 2Py (1 + 798)py0 (1 + 795)" ]
1
+ 5me?[(1 4 y8) eo(L+ Tyf)ao (L + 8)'* +ug]  (9)

with the help of the Bopp-shift this Hamiltonian can be stated in terms of the
standard commutative variables. To the first order in 8 and 7 we have:

2 2 2
i o+p2 1 mw=6
Hho(s, Yss Pa Py.) = —5—= + gmw? (@l + ) — —— L=,
P Th Th?
+ Eyfpf,s + mw’rylal — 2 YsPy. — 5
= Hio + H@,T (10)

where Hj}  is the Hamiltonian of harmonic oscillator in commutative spaces. If
we set 7 = 0 we get the Hamiltonian of harmonic oscillator in #-noncommutative
case i.e. Eq.(8) of Ref.[5](we note that in this equation to the first order in 6,
the paramete k=1).

Since the noncommutativity parameters 7 and 6 if they are non-zero should
be very small, we use perturbation theory to find the spectrum of quantum
systems. The perturbation Hamiltonian can be rewritten as follows:

mw36 T 4 9 9 9 9 .Th Th?
HG,T = _WLZS + Eyspys + mw TYsTs — 2’%3/5]9113 - %
=V + vy +v34+v4+ Vs (11)



The contributions of the different parts of the perturbation Hamiltonian are as
follows:

)
;> = —EmwQO (), + l)n;5nz,n;+15ny,n;—1
)
+ —mw?,/(n!, + Dnydn, nt—10n,,n, 41

<nx’ny|vl|n;’n

2
ﬁ2
(M, ylva |y, ml)) = Z_m@”f +2n), — 1)dn, .y Oy
Th?
(N, nylvg|nly, n;> = [ (g, — 1)n@5ny7n;_2 + (2n; + 1)5%7”;

(0 + D), + 20, 42| [V = D2

+ (20, + D,y + v/ + D + 20,12

Th?
<nLE7 ny|U4|n;= ni}> = ?dn,z,n;ény,n;
Th?
(na, nylvs|nl, ny,) = —%5%1%5%1% (12)

So the elementes of the perturbation Hamiltonian are given by:

Th? . . . . ..
I G-DG-2)g—j+2)(g—7+3) ; i—j=-2
im6w? . . . .
5 Vi-Dlg—i+1) pi—j=-1
H@,T_ Th2 i 2 . . . .
ij = E[—Q(J—l) +2(-1)+22j-1)g+2] ;i=j
imfw? _ _ . .
———Vi-Dlg—j+1 pi—j=1
Th*  — - - ..
2 ViG+ D=+ 1D(g =) i =2

(13)
where g = n, +n, and integers ¢ and j represent the row and column indices,

respectively.
The energy shift for the ground state n, +ny = 0 is:

There is an interesting point involved here, although the correction to the ground
state of the harmonic oscillator due to the noncommutativity of space to the



first order in noncommutativity parameter vanishes in non-dynamical spaces (
2

-
f-noncommutative space )[5], it has nonvanishing value — — in dynamical case.

m
The first excited state n, +n, = 1, has two fold degeneracy. The perturbation
matrix is given by:

h? 1
™ §mw26‘ (1)
m 15
2
_lmw29 gi
m

and the corresponding energies are:

37h? 2t m2we?
2hw + —
E - 2m 4m? 4 (16)
matny =1 3rh? 2t m2we?
20
Yo TV T

3 Quantum Hall effect

Quantum Hall effect( QHE ) is the remakable observation of quantized transport
in two dimensional electron gasses placed in a transverse magnetic field. Let
us consider a moving particle with charge ¢ and mass p in a two dimensional
x —y plane and submitted to a uniform magnetic field B in the z-direction. The
components of vector potential can be taken as follows:

A = —%By ) A, = %Bz , A, =0 (17)

For the Hamiltonian of the system we have:

1 qB

H(2,Y, P, py) = Z[(px + %y)2 + (py

B 5
- — 18
Loy (1)
In terms of the #-noncommutative variables, the Hamiltonian takes the following
form:

1

H(Ianmpxmpyo) = Z [(pxo +

qB
5 Y0) [+ 7y8) 2y (14 74) /2
B
— (7)o (1 4+ Ty 7P
= hzo - 29,qu7'2hy(2) + 2iwr, (Tyo + TQyS’)[hxo + 6py, ]
— WLTYGPyeTo + Thwrf — wils, (19)
where hfw is the Hamiltonian of the harmonic oscillator in #-noncommutative

B
space, with angular frequency wy, = 2q— In terms of the standard commutative
e



space variables it is given by:

1 1
H(Isvysvpmsvpys) = Z(pib +p1215) =+ §,uw%(:17§ + yg) - wLLZs
2 2
pwi @ T 9 9 9 9 9 Th Th
-~ 5 L., + ;yspys + P TY T — 27’?yspys o
. 2 w5 2
+ 2w ThYsTs — WLTY: Py, Ts + ﬁ(pz +1y.)
= Hj, + H" (20)

It is convenient to write the perturbation Hamiltonian in circular cylinderical
coordinates:

Tﬁ2 2 . 4 82 2 .2 2 - <3
—T{f) S gﬁa—p2—m s~ @ Ccos @—22m81n @ Ccos Y

HH,T _
0
+ 2impsin® p cos wa—} + pw?pt sin? p cos? o + {imcos® ¢
0
+ s (9} 2Th2{ .9 8+_ . ) Th?
psinpcosp—1} — 2—{psin® p— + imsinpcos p} — —
dp I dp 2u

9]
+ 2w Thp? sin ¢ cos p + ithT{sin3 ©cos cpa— + imp? sin? ¢
I

2 m? m
cos? ¢} — hwr 0{sin’ cpa—p2 o cos® ¢ — 22'? sin  cos ¢
m 0 cos2e O
+ 2i— sinpcos p— + — (21)
P dp p Op
Using the wave function:
(np)! g2mi+2 |m| 7 |ml|(e2 2y i —1/2¢2p? Hwr
Uy om Y AR S——— L Ul ime ,—1/2¢%p° . 2 _
ps (p7 (P) w(np ¥ |m|)|p n, (5 P )e € ) 5 A
we calculate the energy spectrum of the ground state:
1 2, 2 452 6 T 1 2
Em—on,—0 = hwr, + [T wi + 7R + 2hpubwr€®] = 0.25— + —hbwr
T 4pgt w2
(22)

For the first excited state we have:

2

1 h
v [Trp2w? + TrEMR? + 6hubw €8] = 1.75— + 1.5h0w €2
u 1
Em—0.1:m,-1 = 3h 1 h?
st =St spet 67— 0N 12w? + 67E R + hpw €2 (—7 + 40¢1)] = 0'7_Tu +

0.5hfwr&? — 0.125u0w?
(23)



By setting 7 = 0, we obtaion the results of non-dynamical spaces, for instance
Eqgs.(22) and (23) give the same values for the energy of the ground and first
excited states of the system as Eq.(20) in [6].

4 Hydrogen atom

In this section we study the Hydrogen atom in a two dimensional dynamical
noncommutative spaces. Electronic bound states around charged impurities
in two dimensional systems can be described in terms of a two dimensional
Hydrogen atom.

The Hamiltonian of the system is as follows:

1 ze?

H(:z:ypxpy):—(p2+p2)—7

In terms of the 8-noncommutative variables it takes the following form:

1
h(xo, yOvpxmpyo) :%[pi[) + (1 + Ty(%)l/zpyo(l + Tyg)pyo(l + Tyg)l/Q]

— 2e2[(1+ Tyd) P20 (1 + 7y3)mo (1 + Ty3) /2 + 9] 1/?
1 2iht
Z%[Pio +(1+ Ty§)2p§0] - Wyo(l + TY3)Pyo
2R 9 Th?

_ Tyo — ﬂ — 262[(1 + Ty%)%% + 4 01y

(1+ Tyg)xo —76% — 27’292y(2) + y§]71/2 (25)

In standard commutative space we have:

1, 9 ze? ze?
H(Isaysvpxsapys) - %(pxs +pys) - (xg + yg)l/g + 2(.@5 ¥+ y§)3/2
0 T Th Th?
2.2 2 2 .
X [27257ys™ — ﬁLzs] + Eyspys - 21%98171/5 ~ om
=H*+ H" (26)
ze2L .0
If we take 7 = 0 we obtain Hy = —————, which is in agreement with the

r3
results of non-dynamical case presented in Eq.(2.5) of Ref.[7](note that in [7],0;;
is defined through 6;; = gfijkok but we have chosen 0;; = €;;10%).

Using the wave functions of two dimentional Hydrogen atom [8], The energy
spectrum for the ground state and the first degenerate excited states are obtain:

Th?
AFE =0.125— (27)
m



and

Th?
0.875—
2m
Th? 2pt (ze2)%6?
h2 2h4 2)292
0.75°— + \/O.OGT " 000G
m m ag

5 The Zeeman effect

The Zeeman effect is very important in applications such as nuclear magnetic
resonance spectroscopy, electron spin resonance spectroscopy, magnetic reso-
nance imaging ( MRI ) and Mdssbaure spectroscopy. To study the effects of
dynamical noncommutativity on Zeeman effect we consider the relevant Hamil-
tonian:

1 ze?

H(z,y,pz,py) = 2m(pi +p12,) - W

262

o (2 +p2) — \/ZQ:ij2 — w[zpy — ypa] (29)

—wl,

In terms of the #-noncommutative variables it takes the following form:

1 2iht
H(20, Y0, Paos Pyo) = 5= [Py + (14 795)°P,] = ——10(1 + 755)py,
2h2 Th? .
- Tyg o 262[(1 + Ty%)%fb% + 4 107

yo(1+ Tyd)mo — 767 — 272072 + y2]V/2 —w
[(1+7y3) 220 (1 + 7y3)pyo (1 + 783) "% — yopao)  (30)

Using Bopp-shift one can write down the Hamiltonian in standard commutative

space:
1, 5 9 ze? ze?
H(@s, o oo o) = 50 (0o, +1y,) = @222 22+ 2

h Th?

x 2722y — — L. 122_2-7'_S _Th

2r2s%ys” = g La + —yepy, = 20—yspy, — 5~

0
— wlzapy, = yspe.] + 5wz, +p;.)

- 27'wyfpysxs + thwTysTs (31)



If we choose 7 = 0, Eq.(31) reduces to the Eqs.(24), (25) and (26) of the Ref.[9]
for the case of non-dynamical spaces(to the first order in magnetic field B). The
corrections to the energy for the ground state and degenerate first excited state
are given by:

hw n?
AE =227 10125 — (32)
a? m
and
hwb h?
0.2257 +0.875—
05 a? m
—5—5 |—aghm(—1.5a3Th — 0.4mfw) — 0.5a3 (aSh*m?72
Sm
+0.64m*(z€2)%6? — 17.92ze2ahm*T0w)/?] =
h2 hé K2 B2 (2e4)0wm?2 2\292
AE={ 0757 102" 5Ty g7l EENOmT 6, ()07
05 m ag m m h ag
m[—aéhm(—l.SagTﬁ — 0.4mbw) 4 0.5a3 (aSh*m?72
0
+0.64m*(2€2)%6? — 17.92ze2adhm*70w)'/? =
h? ho h’ R (ze*)fwm? 2)292
0.75— + 0222 4 0.5/(1)2 — 17.92T—w + 0.64%
m ag m m h ag
(33)

B
where w = i and ag is the Bohr radius.
2uc

6 The Stark effect

Stark effect has become an increasingly important part of atomic, molecular and
optical physics. To study the effects of the external electric field on the spectrum
of the Hydrogen atom in dynamical noncommutative spaces, we consider the
electric field in the z-direction. The Hamiltonian is

I 9 ze?
H(x,y,pz,py) = %(pz +p,) — \/TTyQ +ebx (34)
For the ground state we have :
72
AE =0.1257" (35)
m

It can be shown that for the first excited state the energy correction to the first

. . T
order is also proportional to —.

m

The same results are obtained if the electric field applied in the y-direction.

It is shown in [7] that at tree level the contribution to the Stark effect is zero in
non-dynamical case but we observe that in dynamical noncommutative spaces

]

]

2

1
2



the contribution to the Stark effect is nonzero, therefore the Stark effect can be
employed to determine whether the noncommutativity of space is dynamical or
nondynamical. it is instructive to understand the mechanism intuitively. As we
already mentioned the energy correction due to the external electric field on the
energy spectrum of the Hydrogen ground state in dynamical noncommutative
space is not zero. This means that there is a permanent electric dipole for the
ground state of the hydrogen atom in DNCS. To understand how this electric
dipole is produced, we note that the fundamental objects in DNCS are not point
like but they are string like. On the other hand it is shown in [10] that strings
can act as electric dipoles, so the fundamental particles(strings) in dynamical
noncommutative spaces for instance electrons, quarks (neurons and proto ns)
can have electric dipoles due to dynamical noncommutativity of space which
leads to permanent electic dipole for the ground state of the Hydrogen atom.

7 Conclusions

We have studied some fundamental and interesting quantum systems in dy-
namical noncommutative spaces. The energy shift for the ground state of the
harmonic oscillator due to noncommutativity of space is zero for non-dynamical
case while it has non-vanishing value in DNCS. We have shown that Stark ef-
fect can be used to check whether the noncommutativity of space is dynamical
or non-dynamical. It seems that in the dynamical noncommutative space in-
troduced here, there is a fundamental energy so that the corrections due to

dynamical noncommutativity on the energy of a quantum system can be stated
2 2

in terms of gi in which s is fundamental enegy independent of the sys-
tem and the fefgtor g depend;non the kind of the system. For instance, for the
ground state of the harmonic oscillator and quantum Hall effect, the values of g
are —0.5 and 0.25 respectively. For Hydrogen atom, Zeeman and stark effects it
is 0.125. We confirm that in the limit 7 — 0, we obtain the results presented in
previous works devoted to non-dynamical noncommutative spaces. Finally one
can use the energy accuracy measurement 10~2¢V [11] to impose some bounds

on the value of the noncommutativity parameter 7 : . <10712eV .
m
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