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also developed to examine the purity function and the energy density. By con-
sidering the action of the non-commutativity parameters, entanglement and Hall
conductivity present a similar behavior. A large magnetic field acts as a disturb-
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1. Introduction

A great deal of interest has been recently given to the formulation and possible ex-

perimental consequences of the extension of the standard quantum physical formal-
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ism to accommodate the non-commutativity of phase space operators [1]-[5]. The
idea was inspired by quantum field theory and string theory [6]-[8]. The crucial dif-
ference with the standard quantum theory is to replace the usual product with the
Moyal product [9] [10]. Therefore, they allow us to better understand various phe-
nomena. So far, many examples have been studied intensively, such as the spec-
trum of the hydrogen atom [11] [12], the harmonic oscillator [13] [14], the Ahar-
onov-Bohm effect under the action of a magnetic field [15]-[17], the Landau prob-
lem [18] [19], etc. We specify the particular system of two isotropic harmonic oscil-
lators in a magnetic field, in the framework of non-commutative quantum mechan-
ics, accordingly, because of the magnetic field application considering the Hall effect.
This can be stated as follows: a semiconductor material through which an electric
current flows perpendicular to the movement of charge carriers, a voltage is pro-
duced from the latter, so called Hall voltage, which has been attributed to the Hall
effect. The Hall conductivity connected to the Hall effect has been taken into con-
sideration in this work. Also, in the presence of the magnetic field B , we discuss the
localized energy density, which is the amount of energy stored in a point of the ma-
terial conductor. These two concepts are discussed in detail in this paper to clarify
some properties of an entangled system. Entanglement concepts in non-commu-
tative quantum mechanics are studied by many references, see for example [20]-
[22] and we applied the transition-state theory to examine their effect on entangle-

ment and the energy density.
2. Theoretical Framework (Definitions, Hamiltonian
Diagonalization)

A harmonic oscillator can behave as an electron under a magnetic field of induction
B, in this framework, consider two isotropic harmonic oscillators with unit masses

and are exposed to a magnetic field [23]. The Hamiltonian is written:

2 2
1( , 0 e 1{ ., 0 e I 57 2
H=—|-ih—+—B +—| —-ih——-—RB +—w + . 2.1
2[ o, 2 yzj 2[ oy, 2 ylj 2 (yl yz) (2.1)

where @ isthe common angular frequency of the two harmonic oscillators, e is

the electric charge. (2.1) can be reformulated as

2 2
S RS RR Y. B R B e P
2 oy 2 oy, 2 2 2 oy, oy,
(2.2)

2
where ¢ = %Bz +®° and f=eB. To diagonalize (2.2), we define the unitary

operator

o 0
0 =exp {—mlyz =7 ——} (2.3)
oy, Oy,

where 6 acts on Hamiltonian (2.2) as H=60H60" to get the form
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2 2
Hzé(alyf—02%]2]+%(0fy22+02i—5], (2.4)
where
o,=¢ -1’y +ihPy, and o, =ihfy,. (2.5)
The solution (2.4) gives
/ :% and y, = h?z (2.6)

3. Methods

. 0
The non-commutativity of positions y, and momentums —ifi— operatorsin
1

two-dimensional space is imposed by the relations [24] [ Vi yz] =16,
{—ihi,—ihi} =i6, and {yk,—ihi
M W, W

and 6, 6, arethe non-commutativity variables. As usual, we assume after, in

1,2)

:|= iaklh N where (k = 172) > (l

the numerical section that =1 and e=1. Quantization deformation is the
suitable method to study eignensolution of Hamiltonian (2.4) in non-commutative

phase space [25]. « is the Moyal product introducing the non-commutativity,

applied when we treat the classical quantities ( y,—ih ;j to replacing the ordinary
v

product, it is given as

i0, . (% = . i0, . [z = = =
Jexp;‘fﬂ (6,6,,-8,,9, )exp#ﬁk,[aeﬁa -3, as], (3.1)

= = = =
*:exp;[ayla ) —Gif)yz
0 oy Oy

N

o TGP 1

where &, is defined as a matrix of dimension 2 and we have

(0 1
!

Hamiltonian (2.4) can be reformulated as the sum of two Hamiltonians H,

and H, suchas

2
H, =[i6i 0, cos(@, ) - y,+/o; sin(@, )]
4 , (3.2)
+[i o, cos(a)z)—y]\/;,sin(a)z)j ,
,
and
6 2
H, =[ia— o, sin(@, )+ y,\/o] cos(a)l)]
7 (3.3)

2
+[8i o, sin(a)z)+yl\/;lcos(a)2)j .
V.

2
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In expressions (3.2) and (3.3):

1
o, =—arctan| —
2

, (3.4)

where

3:#{\/‘@—1] —["z 95—922}. (3.5)
0y

The Moyal product acts between H, and H, commutation relation as

[H,H,] =H,+H,-H,+«H, =0, (3.6)
and verify the ordinary relation
H ~H,=H,+H, =H,H,. (3.7)
The eigenvalue solution of Hamiltonian (2.4) is given by solving the eigenequa-
tion
HxW,, =W, xH=E W, . (3.8)

where W, is the Wigner function of the (n, m) quantum statesand £, , isthe

corresponding eigenenergy. (3.8) corresponds to the standard two-dimensional

Schrodinger equation, the solution is given by the following Wigner functions

no o H
\%Y% :ﬂe MlmL i (3‘9)
n T[é‘l n h51 0,0,
and
m 1
w = i | 2H, (3.10)
"ono, ! ho,\ oo,

6, and &, in expressions (3.9) and (3.10) have the forms:
5, = o, (o, cos (@ )sin (@,)~ /o7 sin(@,)cos (@,))
+Jo, (elﬁcos(wl)cos(wz)_e2ﬁsin(wl)sin(w2)),
and
8, = o (o sin(@))cos(@,)~o; cos(a)sin (@)
o (o sin (@) sin(@,) - 0./ cos()eos ()):

(3.11)
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We write the Wigner function and the eigenenergy of expression (3.8) as

W =W «W =WW ., (3.12)
and

E,,=E, +E,. (3.13)

Consequently, we get respectively

n+m  _ Hy *L
:-(_1) —C h&]\/@e hé‘z\/@Ln[ 2H1 JL ( 2H2* J’ (3‘14)

"m0, hsoo, ) " he,\olo,

E,, =/ho,0,0, (n+%j+w/h520:02 (m+%] (3.15)

One can easily show that

Ian(yl,aa yzzaa deldyzd( 4 ]d(; J L. (3.16)

Particularly the vacuum state, (3.14) becomes

H, _

1 N 010" O'*O'
W, =———¢ "7 Mo (3.17)
n°0,0,

To calculate various entropies in non-commutative phase space, we need first
to calculate the reduced Wigner functions of each of two harmonic oscillators. Us-

ing (3.17), one has

Woo(yp%jzjw (yp 4 ’yz’ai ]d (ayij

| (01 - (3.18)

__ hﬁ@@@\é’l '926'y1)

h ’

and
0 0 0 0
W, ,— =W, , Vs, dy,d
oo[yz 8y2j [ (yl 5% ]yl (ayl]

(3.19)

1 (o‘l ) 22 j
_r ha,azﬁla]ap/q oy L H°° B o3
Tch ’

In expressions (3.18) and (3.19),

5252010293 V500,99,

1——sin2 (o)+ cos’ (@),

1
0\o, 0, 0,§0,0,

4, = ;cosz(w2)+

1
040,00, 6,40,0,

9 = ;cosz (o)+

1
S\Jo o, 0,400,

sin’ (@, ),

sin (),
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and

4 =;sinz(a)2)+ !

S0, o, 0,400,

Since the system is entangled then expression (3.18) or (3.19) is sufficient to

cos’ (@,). (3.20)

calculate entanglement entropies. The purity function is a derivation of the linear
entropy and it also provides another form to examine entanglement, its expression

is

P= ﬂ[ del (ail) (3.21)

Following problem in ref. [26] and by applying the Moyal product * on ex-

pression (3.18), we obtain

0 1 ¥ 1 o, , o0, 0
W, — || =— exp, | ——— x| 2Ly +—=2—1|, (3.22)
( 00 [Jﬁ o, Jl wh \fi— Xp |: T Z['gl by 9 o7

where y = ! = ln[1+7j.
75152\/0-10'2\/0'10-2 1=y

By substituting (3.22) in (3.21), we have

2
1 2 T ,
j— n2h2 11/7/2 1 02 J‘J. p*{ hz l Ig (yl +y1 )j|dy1dy1. (3.23)
2 Xy
e,

Consequently, we can show that

2
- /4 1 1
N e L -
2w X g |\ g

(3.24)

For all integer n>1, the Rényi entropy writes

1 1\ ] d
Sn(Woo)—E‘n((Ej I(Woo)*dyld[ﬁ—yln- (3.25)

In order n,

(W (y“aylnn ()’ [(1+277>:+<1‘7)"]

. (3.26)
xXexp| — [O-l y2 o, o’ J [ l+}/ ) :|
hé,6. @VUI% o 7|:(1+7) (1 7/)’1:| .
Insert (3.26) in (3.25), we have
1 n n
s,,(wo(,):ﬁln(zy)_mm[(ny) ~(1-7)"] (3.27)
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The particular case where n — 1, expression (3.27) reduces to the von Neumann

entropy as

)
S, (Wyg) = [ Wy I, (217 W, )dyldﬂgj. (3.28)

From (3.28), we can obtain S, (WOO) as
S, (Wyo) =i[—ln(Zy)—(l—y)ln(l—7)+(1+7/)]n(1+7)]. (3.29)

Such expressions (3.24), (3.27) and (3.29) are interesting because they show all
the ingredients to investigate the system. In the ordinary case when 6,=6, =0,
purity function, Rényi and the von Neumann entropies vanish. Recently, the quan-
tization deformation method is extended to three dimensional to study entangle-

ment of three isotropic harmonic oscillators by ref. [27].

4. Hall Conductivity and Energy Density

A natural generalization of two harmonic oscillators under a magnetic field in the
framework of non-commutative quantum mechanics is devoted to deriving some
properties of these two concepts: Hall conductivity and energy density, from the
aspect of quantum information (entangled system). To start, we calculate the cur-

rent density. Suppose that from (2.4),

2
H' yl,—a =l 0'1)/12—0'2—a , (4.1)
o, 2 ;

and using expression (3.18), we have the current density as

iz £

a
(4.2)
0 o 0 0
ot 2 wene2] o[ 2)
@(6] i o)), \an
m
By applying the Moyal product (3.1), we can write
o 0
(Glylz -0, gf} * (Woo {J’na_yljl
1 5 ot K 5 5
=—| oy —0,———| 0,0, ,—0,0 4.3
B N 25)/12 4 1[5] 20y, (4.3)

0 0
+ih| o,y,0 +0,—0 W, ,—
i B4} {ﬁ] 2 &, » ( 00 [yl o, ]J*

Substituting (3.22) in (4.3), after some calculation we find expression (4.2) as:
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S

14 1
J(y)=
() TCh\/l—}/z 1o
wmrg,
2
1 . 1 1
x| (-0, +D,)| ——| ~iNnoo, x| ——— |5 (4.4)
1,0 % 9
2" 9,

X ex 1oy
p e X 3 Y|
The average of the current density operator <J (» )> is defined as

<J(y1)>:_[|ylo (y1)|2*J(y1)dy1- (4.5)

where |l,//0 (y1 )|2 is the probability distribution in the phase space. It is defined with

the integral of the Wigner function on the momentum space as

otsl ) (5

We develop this expression using (3.22), we have

sl )

1
2 (4.7)
1 % 1 1 o ,
= Xexp| ——=x— |-
27!2\/5\/1—}/2 L Oy p{ 2h2){‘91y1]
2 %9
2

Using expression (4.7), we can then express (4.5) which interests us as

N =
©

2
(J(yl)>=2}‘113m_7y2 : 1 - 101 (-0, +D,) 1;@
w g, ¥ m %,
(4.8)
2
LGM(L_LJ L
g %)L, a
)
where
1 2
0=~ (2] 2a 49

Hall conductivity is defined as the ratio of the current density J ( yl) and the
electric field E ( yl) :
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r=<‘](¢)> (4.10)
<E(yl)>
From (4.1), we have
1
V(n)=zoui, (4.11)
consequently
N Be
(V(y,))*—2 S o iy, | (4.12)
)
So, it is easy to verify that
dr(y 1.
(E(yl))*:_[ ( 1)] =—0y, —=iho, . (4.13)
. 215
The average of (4.13)
<E(J/|)>:_[|‘//o (y|)|2*(E(.V1))* dyl
25,y ! 1 (4.14)
Nn i L e || 1oy
w e ety
Insert (4.8), (4.14) in (4.10), we obtain
L
2
11y 1 1
IN'=— - D) ———
W Vo iy r|Ce P e
. 200" 9,
1 o
2712131 (4.15)

_iglw[L_Lj 1
2 l92 l91 L i
*s
Equation above summarizes some important specificity of an entangled system
that can be quantified using Hall effect. Similarly, Hall conductivity is calculated
in three dimensions using the Kubo formula from the bulk-edge [28]. Note that we
have studied from two harmonic oscillators, entanglement entropies, Hall conduc-
tivity. It would be interesting to study their energy density. Their calculation in this

context represents an important vision. Energy density reads

0 0 0
= [H| y,-Z 5| Wy| p-= || d| = |. 4.16
€(y1) I (yl GyJ ( [y ayl]l (6}21] ( :

Go back expression (4.3), after integration, (4.16) becomes
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N =
o | —

1 1 1 1 1
e(n) nh\/1y - Jr(o,+D))y? alazz[l,ﬁ 5} | %
Y | 2h b v )| 2, %
X 20",
(4.17)
2
1 1 o,
+ -0, +D !
(-0, )2h2 o p{ ZHZzSIyI}
l92
where
1
D =- 4h2[9j 2, (4.18)

The most famous examples that reflect the usefulness of both concepts are pro-
vided by the quantum Hall effect [29] [30], semiconductor quantum devices [31]
[32], etc.

5. Application of Transition-State Theory

We will here briefly introduce some aspects of transition-state theory, focusing on
the aspects that will be useful to us later. For more details, see references [33]-[35],
from which this presentation is strongly inspired. We have performed a transition
to the first excited state. Harmonic oscillator one moves into the first excited
state, second harmonic oscillator in the ground state, so Wigner function (3.14)

becomes

H, _
ho|\Jor0y | hoyn 0']*0'2
H,e e .

0,0,

2

LR .
172

Wi =-Wy +

Consequently, of expression (5.1), the reduced Wigner function of the variables

[ " ,ij , is written
M

0 2 0
w , + =+ , . 5.2
10[3’1 GyJ oo 2(413’1 é/z §3j [J’l aylj (5.2)
In expression (5.2),
d’ d . . 2
< =2 TV, zs1n(a)2)cos(a12)+0'l sin® (@, ),
b’ b . .
$, = e -\o,0, Zsm(a)l)cos(a)l)—d1 sin’ (@),
and
&= s () +5_0co5* () L )
where
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a o, sinz(a)l)+—01* cosz(a)l),

h51 0,0, h52 O':(O'2

b=2i@sin(wl)cos(a)l){— 1 1 ],

+
h5l\/510'2 hﬁz\/g:az

1
=———0,co08’ (@, )+ ———=0, sin’ (@, ),
ho\ o0, ? ( 2) hé,Ao, o, ’ ( 2)
and
d =2,/o,0, sin(w,)cos(w,)| - L, ! — |. (5.4)
hé‘l\/o]az h5z\/010'2

Using ref. [36] and applying the Moyal product (3.1), we have

()]

:[(é/l +D1)y12 +(§2 +D2)a_2_il(

oy
0
x[WOO (yl,gJ] .
l *

At the barrier, the oscillator frequency is perturbed, defining thus the potential

% 4z, %y 2
4/19_2+§2 ‘91 Jyl P 1 +§3J (5'5)

using (4.11) as
OV =0V~ O (5.6)
where o, =-io,, (5.6) becomes
v =i(y-y), (5.7)

Insert (5.7) in (5.5), we have

i _ /4 . 2 2 i
((Wl()[yl’ayl Jll ) NIES (l(gl +Dl)(yl ylh)+(§2 +D2)5J’12

1 o o, | [ 0
_?l(§1j+§zjj l(yf—yfb)gwg] (5.8)
2 1

1 20 ( 2 2 0, 0’
Xexp{—ﬁl[l?](yl _ylb)+?2$]z :

At the barrier, we read the Wigner function as

[N N P

To compute analytically integral of expression (5.9), we use ref. [37] and we ended
up with
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0
vvlo 1>~
[ (y @ID*

z T 6 1 O, > . )

) — Y [—i(& + D, 5.10

-y | L [ B p{ w g y‘b} ($1+D) 5, (5.10)
2n* 7

. 0° 1 o, o, &
_l(é/z +D2)8y_2+ﬂ1 jf(ylb)exp* {_2_"121(?1)’121; +19_26y_2ﬂ
1 i h OY

f ( ylb) is the Step function, it is defined as

0 »,<0

7001,

(5.11)
Vi >0,
Now, we have just evaluated entanglement and the energy density via the tran-

sition-state theory, starting from expression

S S

This allows us to write

1

2

s 1 ,
Pb:”nzhzl_yyz A eXp*{ hzl,g(y“’ ylbz)}

w e \w ¥,

eX 1 ( ,2) J’_L ;
1 102 p hz 3 ylb ylb \/E inz
/RS /SN

(& +Dy)2

X
=

(5.13)

X

, 1 o 1 o, , . 1
yuf eXP{—z—hzZ?:)’fb}—yfb exp{—ﬁlj%fDHﬂﬁz 1—02

" 192
1 o, , 1 ,2 A
x| exp _W}(?ylb —CXp|— TS Z— ﬁ
1

x[ﬂq*exp|: hzglgylb}+ﬂlexp{ hz){ ylbD Q"'D ()’1217"')/1’13)

+(§1 +Dl)y12by1,§ +i(£1)’1’}3 _21*)’12};))"'12 (1(11 _21*)"‘/12)"'2121* dy, dvy, s

In expression (5.13),
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1
2
1
3
b i
A= T o (E%Jfé'sja
wrg
A=—Lt (g+p) and 4 =~—1 (£,4D,). (514
D 4Lle
w7t 9 e,

Expression (5.13) is a direct consequence of

T 1
1o 1o
w9 ” )|\ w2,

B = P ri(h=A) A+ )+ A (A + )

(5.15)

+ﬁ(ﬂf+ﬂl)+ﬂqﬂf P.

In expression (5.15), P isthe purity function of expression (3.24). Although
with the transition performed to the first exited state and at the height of the bar-
rier, the star product of (4.1) and (5.10) is written

(o)) (2]
:%(ial(ys-yfb>—az%]*{[ww [y%ﬁ]

2 2

_1 2 2 h 2
_E|:161(y1 _yw)_o-z W*'To'zayl

0 0
+ih iO'lyla 5 —iO'Iylba 5 +O'2_ayl X{[Ww{yl,—jj ]
[ & W) o ),

Therefore, we generalize the energy density in the framework of transition-state

RN 3 R CHRES | PESR

More explicitly, we have
(S(M )b) = {y;‘af\jnaz [O'le +i’(]+y13a2 |:_io'1 (\/é/lDZ +y&D, )+%(§1 _ZiDl)
1

1 9
—o-zafJé'lDz}—i-Zialé’lyfb +y7 |:O'ZD1 na, (;+a2 +Eh2]

(5.16)

theory as

1
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+0,D,\na;] (%4_ ! —zazj+0'l ¢,D, ( Jra; — 1/naQ— L]
al o a,

+0]\/§]D2[ na, —;?J+i01§31/na2}+yfb[i/c na;

+0'14’1(1+i—% na2j+2h011/4’1D2 +i0'2§1}

1

1 o,
+n [O'lengz (azz _Eaz +2G_1

2

3 3. 1 .1
+=0,0,0, +—i0,0, —+i—0,0,a,
2 2 a a

2 1

. 1 .
+2i0,¢, o :|+y1b|: \/é/zD +o,8a, — 014’3:|_161y12y12b na, D, (5.18)
1

1
_101§1YI Yy ‘Hyle’l |:O'1 gD, +i— o @,0,8, _hzalgl:|

1

N 1
YV [201@(1 _\/E)] +0,8, [0(2 -2a, +;:|

1

na, +%}+%o—2§2 {3 na; +iqlna; —Lz}
a a

1
it

1 1 1

1 2 1 1 o, 5
+Zazg3|: na, _2;1:|}6Xp* |:_2_hle?|(yl _J’1b) :
At the barrier, the energy density is written

g(ylb):,[(g(yl )b)dyl (5.19)

which gives according to (5.18)

1 i 1 1
(ylb) {2101§1Y1b+Y1b{o_1§1( +g_5h2al_5 nazj+02§1(l_za2)

1

—iTEZGID] aa, +2h01m+§(7, ¢,Daa, +i/( TCO!;:|
f [ i i
o |:O-1 &0, (al— noj'a, _Zj+02§1a2_0_1§3 _Zo-l\/ﬂ:af:|
2 . 1 3 1 3 . a]
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where

1
Kk=0,,-0/,, =1 X and @, = (5.21)

1 o

- 2
21 2w ¥ 4,

6. Some Particular Cases

Let us interpret the results obtained in (3.24), (3.27), (3.29), (4.15), (4.17), (5.15)
and (5.20) in terms of the non-commutativity variables 6,, 6, and the magnetic
field B.

6.1. The First Case

If we assume from expression (3.4) that

T
o =0,=, (6.1)

(3.11) become

6, =0, =§O‘2 (0'] —0']*)+0'2 (910'] —920'1*) (6.2)

As a consequence, (3.20) read

/ 1
= —* 5 6 . 3
4 514 0,0, 312 (6.3)

and

1 1

1
9=9=—| |
1 2 251["01*02 1}0'10'2\]

where 6, and 6, are fields and are functions of position and momentum, we

(6.4)

consider from Figure 1, the evolution of the von Neumann entropy and the Hall
conductivity with respect 6, and 6, . These two concepts of quantum mechan-
ics have a similar behavior and they increase with ¢ and 6, . This explains that
non-commutativity introduces an intrinsic correlation into the system, affecting
both the global quantum state (entanglement) and the electrical response (Hall con-
ductivity). This behavior shows a duality between the quantities defined in the mo-
mentum space and those defined in the position space. The fields 6, and &, that
appear naturally in the expression of von Neumann entropy and Hall conductivity
have a singularity at the origin of the coordinate position and momentum. Figure
2 shows that the transition in the quantum state performs clearly increases entan-

glement.

6.2. The Second Case

The second case is considered as follows: &, =0 which gives from (3.4), @, =0.

We define 4, in expression (3.4) suchas @, = %arctan(ﬂz) and
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27{ %2 —1]91
0,

. This formalism leads us to generalize the evolution

2
O. O.
hz( E—IJ -=207

Oy

of the Rényi entropy and the energy density by considering a field that depends
on the position non-commutativity parameter 6, and the magnetic field B.(3.11)
and (3.20) become

5, =Jo,0, (hsin(w,)+6, cos(w,)), (6.5)
5, =—\o,0,hsin(®,), (6.6)

and

9 =— . (6.7)

26, \Jo0,

Let us now evaluate the Rényi entropy on another basis accordingto 4, and

n parameters. n=2 representsthe loweststate, n=38 representsamore ex-

cited state.
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Weset 6, =05 and w=14.

Observe Figure 3 as the magnetic field increases, Rényi entropy values of the
highest excited states appear together and merge into one curve to a single value
close to zero. The transition performs clearly increases entanglement, acts as an in-
formation-relevant perturbation. Let’s see how the energy density of an entangled
system spreads according to the magnetic field B and the non-commutativity

parameter 0, .

A2
0.5 1.0 1.5 2.0

8 B=1

0 A2
0.0 0.5 1.0 1.5 20

Figure 3. Rényi entropy (3.27) for different values of n; n=2 (blue solid line), n=4
(brown solid line), n=6 (red solidline), n=8 (black solid line).

Weset w=14.

The coupling 6, of the position operator expression to the non-commutative
property implies the non-localization of the two harmonic oscillators to the atom.
Figure 4 and Figure 5 show that, an increase of B increases the energy density,
so it increases the energy stored in the masses of the system. Consequently, it accel-
erates the non-localization to the atom. By comparing the two (Figure 4 and Fig-
ure 5), we prove that at the height of the barrier, a harmonic oscillator in a mag-
netic field 6, , which is a priori a function of the position y,, , has involuntarily
and considerably increased its stored energy, so it increases its instabilization in-
side the atom. The effect of the 6, -field then only manifests in the presence of a
position-dependent potential y, and y, .
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3

€(61.y1) 2

Figure 4. Energy density &(y,) of (4.17).

Figure 5. Energy density &(y,,) of (5.20).

7. Summary

In this work, we have examined quantum entanglement, as well as we have found
the Hall conductivity and the energy density of two isotropic harmonic oscillators
under a magnetic field in non-commutative phase space. The transition-state theory
is applied to calculate the purity function and the energy density. Entanglement and
Hall conductivity show a similar pattern because of the non-commutative param-
eters. A strong magnetic field disturbs the exact information of the highest excited
states, and it accelerates the non-localization of the system in the atom by increas-
ing its energy density. Transition-state theory makes the system more entangled and

more instable.
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