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Stochastic motion in an expanding noncommutative fluid
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A model for an expanding noncommutative acoustic fluid analogous to a Friedmann-Robertson-Walker
geometry is derived. For this purpose, a noncommutative Abelian Higgs model is considered in a (3 4 1)-
dimensional spacetime. In this scenario, we analyze the motion of test particles in this fluid. The study

considers a scalar test particle coupled to a quantized fluctuating massless scalar field. For all cases studied,
we find corrections due to the noncommutativity in the mean squared velocity of the particles. The nonzero
velocity dispersion for particles that are free to move on geodesics disagrees with the null result found
previously in the literature for expanding commutative fluid.
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I. INTRODUCTION

Classical and quantum fluids have been considered in the
literature as theoretical or experimental models where it is
possible to mimic some effects present in theories of
classical and quantum gravity, as well as, in quantum field
theory in curved spacetime—see Refs. [1-25]. Some of
these effects are related to Hawking radiation, particle
production by cosmological expansion, superradiance, and
so on. Moreover, experimental studies using classical and
quantum fluids as tabletop experiments have been done in
recent years with remarkable advances. As examples, we
mention the possible observation of classical superradiance
[26] and Hawking radiation [27-29]. Another variety of
analog model scenarios with remarkable experimental
advances are also present in fiber optics and slow light
models [30-35]. In addition, based on the Abelian Higgs
model, relativistic acoustic metrics [36—38] were found in
[39] for a noncommutative background, in [40] for a
Lorentz-violating background and in [41] with terms of
high derivatives in the bosonic sector. Hence, studies
related to Hawking radiation, entropy, and superradiance
were performed in [42-54].
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A distinct effect also mentionable is the stochastic
motion of a particle under quantum fluctuations. This is
a nontrivial quantum effects and it is shown that this motion
can be induced by the presence of reflective plates [55-67],
nontrivial topology [68—70], or even by a time-dependent
expanding universe [71-73] without boundaries. In par-
ticular, in Ref. [71], different types of classical particles1
coupled to a fluctuating quantum electromagnetic field
were considered in a spatially flat Friedmann-Robertson-
Walker (FRW) universe. In this scenario, it was shown that
the bound electric particle can undergo stochastic
(Brownian) motion with a nonzero mean squared velocity
(velocity dispersion) while the free electric particle had a
null velocity dispersion. In a different scenario, see
Ref. [72], it was proposed the possibility to observe this
effect in an analog cosmological model by the use of a
Bose-Einstein condensate (BEC) that simulates a spatially
flat FRW geometry. To establish this analogy, a linearized
perturbation in the field, which is present in the equation of
motion of the BEC, was done and it was found that these
perturbations describe the same equation of motion for a
massless scalar field in curved spacetime.2 The main results
calculated in that paper was that the velocity dispersion for
a bound scalar particle (atoms that constitute the fluid) was
non-null and for a free scalar particle a null dispersion was

'One example of the particles considered are point electric
charges that could be under the influence of a classical external
and nonfluctuating force, f.,;. They were named bound particles.
Another example are particles that are free to follow their own
geodesics with f.; = 0, they were named free particles.

Recently, a model using BEC, which reproduces some
behavior of an expanding universe was performed experimentally
in Ref. [22].
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found, exactly to what was calculated in Ref. [71] for the
charged particle.

Another type of system considered in recent years is a
noncommutative fluid [74-82]. In this case, the fluid
description is valid only in energy scales much smaller
than the Planck scale. In general the analogy is made with a
Schwarzschild or Kerr-like geometry, and the corrections to
the Hawking temperature are in many cases derived [39].
One of the purposes of this paper, Sec. II, is to show that
with the same noncommutative Lagrangian considered in
Ref. [39], it is possible to acquire an analogous to a FRW
geometry by the use of a linearized perturbation in the field.
Thus, a natural question to ask is whether it is possible to
observe the influence of the noncommutativity in the
velocity dispersion found in Ref. [72]. For this purpose,
both the free and bound particles described above will be
considered and no boundaries will be taken into account in
the current study. Corrections in the velocity dispersion due
to the noncommutative parameter (d) will be found for both
particles. The most important result is that the velocity
dispersion, for the free particles, will be different from zero
in this noncommutative fluid. This reveals that free par-
ticles can possess stochastic motion induced by quantum
fluctuations and that the noncommutativity of space plays a
fundamental role in the model.

The rest of the paper is outlined as follows: in Sec. III, we
calculate the formal expressions of the velocity dispersions
in terms of integrals that depend on the scale factor of the
analogous FRW geometry for both free and bound par-
ticles. The scale factor that describes the way the fluid
expands is introduced in Sec. IV and, as proposed by many
authors [10,11,72], we consider an asymptotic expanded
scale factor. Thus, the velocity dispersions for the free and
bound particles are finally expressed. The possible effects
of metric fluctuations on the motion of the particles will be
briefly discussed in Sec. V. In Sec. VI the main results are
summarized and some interpretations are mentioned. In this
paper we use units where 4 =c¢ = 1.

II. ACOUSTIC METRIC FOR A
NONCOMMUTATIVE GEOMETRY

To obtain an analog Friedman-Robertson-Walker (FRW)
geometry from a noncommutative fluid, we start with the
Lagrangian for a noncommutative Abelian Higgs model in

flat spacetime modified in the scalar and gauge sector
[39,83,84]

A 1. A A A nu A
L= —FFu "+ (D) « D'+ P+ §

~b§' x P d . (1)

where the Moyal product was used. In what follows, we
apply a Seiberg-Witten map [84]

. 1
A# = A” +0 pAp <8DAM - EaﬂA”) ’
F;w = F;w + el)a(Fume +AP + a"Fﬂ”)’

- 1
¢ = ¢ - EepaApaad)’ (2)

where, only the lowest order terms in 8" are taken into
account. From Egs. (1) and (2) we see that the non-
commutativity is coupled via the electromagnetic field. So
we obtain the following Lagrangian

A 1 1
L - —ZF”DFﬂ (1 +50 ﬂFaﬁ)

1
+ <1 —ze“ﬂw> (D, + m2|gP — bll*)

+ %GaﬁFW[(D/,gb)TD"d) + (D) Dy, (3)

where the operator D, =0, —ieA, and F,, = 9,A, — 0,A,.
Here, F,, is the Maxwell tensor, A, is the 4-potential, and
e, b are coupling constants. The term 6% is the real constant
noncommutative parameter with dimensions of length
squared represented by an antisymmetric D-dimensional
square matrix [85,86]. The field ¢ can be decomposed by
¢ = +/p(.7)eS5D, where p(%.7) is the fluid density and
S(x,7) is a phase. We consider that the noncommutative
effect is absent in the time coordinate. Following Ref. [39]
let us apply the perturbations in p = py + p;, S = Sp + 5
and ¢ = ¢y + ¢; in Eq. (3), where p; < py, S; < S, and
consequently ¢; < ¢bo. When we compute the equations of
motion with these perturbations, it can be viewed as a
Klein-Gordon equation in curved spacetime and the fol-
lowing noncommutative relativistic metric can be given by
Eq. (31) of Ref. [39]:

VIl 4 2
AF(v)

ds* = beo {—f(v)dt’z—l-A(

_ 5 \dvidv |,
2T - ) ¥ x}

(4)

with the following terms

125023-2



STOCHASTIC MOTION IN AN EXPANDING NONCOMMUTATIVE ...

PHYS. REV. D 103, 125023 (2021)

E(v) - d¥
dt = df +>——
f=di

(1=20-B)(1+c¢¥)—(1+46-B)1?] —-3(OxE)-5+2(B-5)(0-7).
1

[
F(v)=(1-30-B)c2—(1+30-B)v>— (OxE)-5+2(0-75)(B- ),
Aw)=(1+46-B)(1+c*—v*)—(OxE)-7,
Ew)=[2(1420-B)— (OxE)-9]5+(1+c2)(@xE)—(B-7)0—(6-7)B.
T(v)=1+46-B+ (1+20-B)c?—(1+40-B)v> =20 x E)-7+2(0-7)(B-7).
Ti(v) = [(1 + )@ x E)' = (B-5)6" - (6- 1)B|v, (5)

where ¢ = bp,/2Wj3 is the local sound velocity in the

fluid and v = ¥y/W, is the velocity flux, with W, =
—S + eA, and ) = VS, + eA (the local velocity field) and
b is a coupling constant with Eand B being the electric and
magnetic fields, respectively.

To simplify our expressions, let us choose a null electric
field (E = 0). Now the noncommutativity is coupled only
to the magnetic field, and considering the constant coupling
e =0 with a phase S, being time-dependent only,
So = So(1), the velocity flux (¥) is now equal to zero.
Thus, considering that ¢ < 1, we obtain the nonrelativistic
acoustic metric

b 1-30-B 1+60-B o
g2 =bro|_ (1236 _,)lc%dfz—i— u+o-8 ccy18dxidy |
2 [ (1-26-B) (1-26-B)
(6)

By defining the following change in the spatial coordinates
dx’ = (#)dx', we obtain

ds?

5 o
— %HZ[—L%W + ;164 dx' dx], (7)

where H and W were defined by

o (1-30-B)
(1-26-B)

w2 (1+6:B) @)
(1-26-B):

The upper bar in the previous expressions has been added
to distinguish the variables in the mathematical manipu-

lations. Note that, in this model, the magnetic field B plays
the role to turn on and off the noncommutativity. If the
noncommutativity is off or null, the terms H and W are
equal to the unity. In fact the term @ must be very small
which in turn makes H # W = 1.

In our model, we take the sound velocity to be time
dependent, ¢, = ¢,(t), and it can be represented in terms of

the parameter y(7) = [‘L—f)’)]2 which is interpreted as a scale
factor of the expanding fluid. Note that, one can admit,

without loss of generality, that for a given initial time ¢,
x(to) = 1. The line element given by Eq. (7) becomes

b L
45 = PO RGP + 1 ey S, (9
that defining Q2 = ;’i—’g and ds? = Qg2ds?, by performing a

change in the time coordinate, such that dr = yi(1)di, we
have

ds* = H-Gdr + (08dxds),  (10)
where
2 _1 Co
1) = 2(1) = . 11
(1) =230 = 5 (11)

Apart from the constant H, these definitions gives an
effective metric that mimics a FRW geometry for a certain
coordinate time 7. Since a(n) = ¢,/ c,(1), it is important to
note that c(t = t;) < ¢y, where t; is the final time when
the expansion ends, is a necessary condition to the
expansion occur, that is, for a(f) assuming increasing
values. In order to get a conformal effective metric, one
defines the following transformation in the time coordinate
dt = adn, where 7 is the conformal time and the effective
conformal metric is

ds* = H*a?(n)[—c3dn* + 8V dx'dx], (12)

with a?(17)H? being the conformal factor. When H is equal
to the unity, we recover the usual forms of Egs. (10) and
(12). This form of the metric is conformal to Minkowski
spacetime and it will be useful when we evaluate the two
point function for a scalar field in the next section.
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III. RANDOM MOTION OF PARTICLES IN AN
ANALOG FRW NONCOMMUTATIVE GEOMETRY

The motion of a point scalar particle with mass m in a
conformal curved space-time is represented by the follow-
ing equation

i
= mt = ag"V,g. (13)
T

where f* is the 4-force, u* is the 4-velocity of the scalar
particles, g is the charge of the scalar particle interacting
with a massless scalar field and the operator D/dr is the
covariant derivative. This equation is valid for a commu-
tative space. However, in a noncommutative space it must
be modified.

For the case studied here, we consider the motion of free
and bound scalar test particles described before. They are
the constituents of a noncommutative fluid that expands
according to the metric given by Eq. (12). Thus, these
pointlike massive particles interact with a massless scalar
field of the Abelian-Higgs model performed by the
Lagrangian (3). The acoustic perturbations of this system
(i.e., phonons) are described by this field, and the equation
of motion of a single particle with mass m in such
conformal curved space-time (12) is given by

fr= q |:<1 - %eaﬂFa/3> gv+ ®MD:| vv(ﬁ’ (14)

where the Lagrangian given by Eq. (3) was used. This is the
equation of motion to the scalar particle in the non-
commutative space with the metric ¢ given by Eq. (10)
or (12) and
O = gWF ). (15)
Note that when 8 = 0 we recover Eq. (13).
Adopting a particular i-direction and considering only

noncommutative effects on spatial part, i.e., 0% = 6 = 0,
Eq. (14) becomes

fi= qu —%5%)9!’/) +®iﬂ]v,,¢, (16)
where i, p = x, V, z,
O =0iF}, (17)
and
il = clikgk, Fii — ¢lilBl, (18)

where a sum is adopted in repeated indices. Thus, if B = 0
or 8 =0, Eq. (13) is recovered.

Following the same procedure of Refs. [72,71], with the
effective metric given by Eq. (10), we obtain

Dut  du'

_f T odr dt

124, (19)
a

where a = da/dt and we have assumed nonrelativistic

motion for the particles, which implies that the time

coordinate 7 is their proper time .

In the sequence, we will consider that the force f* can be
split into two parts, the first one is originated by a
nonfluctuating classical external force (f.,,) and the second
one is a fluctuating force (f ﬁl) associated with the quantized
scalar field. Thus, we have

(fcxt+fq) d7+27 (20)

In the equation above we can study two distinct situations.
In the first case, we consider free particles which are
characterized by a null external force (f%,, = 0). Thus, they
can move freely following their geodesic in the expanding
background. In the second case, they are named “bound
particles.” Now, they are influenced by an external force
given by fL, = 2m%ui. This force cancels out locally the
effects of the expansion. Both cases will be studied in the
next two sections. We will find that the noncommutativity
can give relevant contribution to the stochastic motion of the
particles in this expanding background.

A. Free particle
In this section we consider that no external, classical
force, is acting on the particle (i.e., f.,, = 0). We imple-
ment this into Eq. (20) to obtain the following equation3

1 . 1d
_fl_

m ?E(a%ﬁi)’ (21)

that by integrating once and admitting that the particle is
initially at rest (u'(ty) = 0), we have

1 I ;
] L e

From the above results, the correlation function for the
velocity of the particle is

(Au ) 21 // dt,diya(1)a (1)
x (f1 (t]vrl)f (t2.72)) FrRW-

u'(tp.r) = (22)

(23)

*In what follows, the subindexes ¢ from f 4 Will be omitted.
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Now we follow the standard procedure [57] which consists in assuming that the field ¢ can be decomposed into a

classical and a quantum part, i.e., ¢ = ¢, + ¢, and the conditions (¢ (t;, 7))

=0, (p(t1, r1)@p(t2, rp)) # 0 are satisfied. In

this way, one can use the fact that f7 is related to a scalar field by Eq. (16). Consequently, the equation above becomes

274
(Auiy) =21

2H 2@1.&
m2c14(tf)

ma(tf)< —9 §> //dtldt28l18,2 d(t1,11)(t2, 12)) Frw
( '3 1§) // dtydtra(12)0;, 0, (P11, ) (12, 72) oy

—3¢
2H2®zp 1- -

——-0-B dt,dtya*(t))
+ma<rf>< 2 >//

0p, 0, (P (t1.11)P(t2. 72) ) FRW

2@117@19
//dhdfza t)a (t2>8p]ax2<¢(tlvr1)¢(t2»r2)>FRW’ (24)

where we have assumed that H is a constant as well as @

and B, and the subscript FRW in (¢(n;, r)d (1. 1) krw
indicates that the vacuum expectation value in the FRW-
geometry was taken. In this case, there are no distinction
between these parameters at different times, e.g., H; = H>,
0, =6,, and B; = B,. Note that to obtain the proper
velocity from Eq. (24) we use the relation between the
coordinate x' and the proper distance [/, in which

2 2
(vt = L1

2@1&

ma(tf

|

I' = a(t;)x', where a(t) is the scale factor in certain final
time. Thus, the proper velocity »' is related to u’ by
u'a(ty) = v'. In this way we obtain

1

W«AU’W (25)

((Au')?) =

and the proper velocity dispersion of the particle is

Soo\2
W <1 _%6.3) // dt|dty0;,0;, (b (11, 11)P(t2. 2) ) rrw

A (1)) ( ]5 E)//dﬁdtza 12)0;, 05, (d(t1. 11)P(12. 72) ) prw

-2
2@1[7 1>
( -50-8) [[ andua(1)0,0, (0. r )85,

2 2@1 @ls
Hor // dtydtya(1)a(12)0), Oy, (11, 7)1 72) ey (26)

Using the relation present in Ref. [87], we obtain

<¢(7]17 rl)d’(’h’ r2)>FRW = H_za

“Hm)a™ (1) (1 (n1. 1) b2 (2. 72) ) i (27)

which relates the two-point (Hadamard) function of a massless scalar field in the conformal FRW spacetime to the two-point

function in Minkowski spacetime.

Substituting (27) into (26) in terms of the conformal time (df = a(n)dn), we obtain

) =L (1-35-8) [ andned, o, 6. rptas

maf

ZH—2®zs 1
+ 2.2 (1
m af

[\)

g*?H™?@? - 1
A e < 2
2®zp®zs
+ 2.2
maf

5. E) // dydisa®(1)0, O, (P11 1) b1 72)) e
5 )//dmdnza )0 lai2<¢(’11,’”1)¢(7l2”’2)>M

//d’?ldﬂzaz(m)az(ﬂz)apl3s2<¢(’h’ )@, 12)) urs (28)
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where a(t;) = ay is the scale factor in a final time when the
expansion ends and the subscript M indicates that the
vacuum state is the Minkowski vacuum state. However,
the equivalent Hadamard function for a massless scalar
field is given by

1

1
4n? [—0(2)(771

—’72)24"2}

Here ¢ is the speed of sound when the expansion starts and
because no boundary is present, the spatial separation r is
given by

(b1 (n1. )2 (12, 72) ) (29)

r? = Ax* + Ay* + AZ?

= (01 =)+ =)+ (@ -2)  (30)
In Sec. IV we will evaluate the velocity dispersion given
by Eq. (28) for a noncommutative fluid that expands

asymptotically.

qZH—4

15 =

B. Bound particles

In this section let us admit that the particle is subject to a
classical external nonfluctuating force of the type

fi = 2mgui. (31)

By substituting this into Eq. (20) and taking an integral, we

obtain
t f’ / fl t r

where we considered a null velocity for the initial time ¢,.
Thus, the velocity dispersion of the bound particles is

(32)

= [ andetr e e 39

Now using Eq. (16) and the metric (10), we obtain

((Au')?) = 3 < 2 >2//dtldt2a_2(tl)a_2(t2)ai,ai2<¢(t1’rl)¢(t2’72)>FRW

m

2H—2®1s
(1

+

Nl»— N"—

2H 2@117 <

2®zp®u
+q7// dt,dt,0, Oy, (p(t1.11)P(t2, 72)) FrRw-

) [ anana= 010,060 )02 2
0- E)//dhd&a (£2)0,,0:, (P11, 71)P(t2. 72) ) Erw

(34)

Following the same steps of the previous section we apply a conformal transformation in time and using Eqgs. (25) and (27)

we get

4
. qa 1
A i\2 _
(avpy =T (1230
q2a2H 2®ts (1
qa/%H 2Qir

+
m2

a%@zp@is
"‘7"%2 /]dnldn28p18s2<¢(’/llvr1>¢(7]27r2)>M

In the next section, we will evaluate the velocity
dispersion for free and bound particles for a fluid that
expands asymptotically. However, it is worth noting that,
when we quantize the scalar field the fluctuations related to
this field could imply fluctuations in the effective metric
(10).These metric fluctuations are viewed in general as
linearized perturbations (y,,) upon the effective metric, see

) //dfhd’lza (m)a (’72)5518[2@('71,’1)4’(’12"”2)>M
30°8) [[ anana1)0,0. @000

< ]q )//dmdnza (12)0,,0:, (@ (1, 1) (n25 72))

(35)

for instance Refs. [88,89]. So in this context, Eq. (10)
should read,
ds* = H*(g,, dx*dx" + y,,dx"dx") (36)

where g, = diag[—cg,a?, a?, a*],x* € {t,x,y.z} and the
entries of the matrix y,, are 0 < |y, | < 1. A complete
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treatment to our case is not an easy task once it involves the
integration of Eq. (20). In Sec. V, we will give a simple
example where the metric fluctuations are considered in the
context of the analog models program, in which these
fluctuations can induce sound cone fluctuations. We will see
that such fluctuations should contribute as a minor or null
deviation in the random motion of the particles.

IV. ASYMPTOTIC EXPANSION FOR A
NONCOMMUTATIVE FLUID

In this section we investigate the behavior of the particle
under the scenarios discussed in the previous section. We
consider that the noncommutative fluid is taking an
asymptotic expansion according to the following scale
factor:

a*(n) = a3 + a3 tanh <’7> , (37)
Mo

which describes an asymptotically flat spacetime in
extreme regions, where the constant a, produces a vertical
displacement of the point on the a? (1) axis, and a; modifies
the spacing between asymptotic limits (maximum and
minimum points of the a?(n)). The parameter 7, modifies
the smoothness of the transition between the asymptotic
regions but without changing the spacing between the
maximum and minimum points.

Based on the asymptotic behavior of the scale factor we
can write

az + a?
ap =~ (38)

and

a? = L (39)

where a; and a; are the scale factor at the beginning and
end of the expansion. Note that, for y(r=1)) =1 in
Eq. (11), we obtain a; = a(n =n;) = 1. Next, we will
use this scale factor to evaluate the dispersion velocity for
the free and bound particles, respectively.

A. Free particle in an expanding
noncommutative fluid

According to our choices in Egs. (8), (17), and (18), the
magnetic field is responsible to turn on the noncommuta-
tivity. To simplify our expressions, let us consider that it is
turn on in just one direction. Let us choose, for instance,
B = B'k. So, the dispersion in the z-direction is now
parallel to the field vector. Thus, when the field is off,
all terms proportional to € disappear in Eq. (28) and only
the first integral in the right-hand side remains. This recover
the result found in Ref. [72]. However, as the scale factor
does not appear in the integrand, this integral gives infinite
contribution and must be renormalized. This procedure
consists in subtracting the Minkowski contribution from the
Minkowski two-point function. Thus, the first integral
gives null contribution._

Now when the field B is on, the terms proportional to €
become important and we have to consider all terms with at
least one a?(y) in the integrand of (28) to obtain

2
(wrp) =4 (1436-8)) [[ ananew)e70,0,, +670,0,
m af 2 1 2 1 Y2

+0%0,,0,, (b1, r1)p (2. 72)) p +

3. -
4 (14+2@ B // dnydna®(n,) (€50, 0.,
m-a; 2

+ 09,0, + 0% 0., [ (p(n1, 1) (2. 72))

2

q X X
+ W// dndnya*(ny)a® (1) { O [©F 0,0y, +©%0, 0,, +0%0, 0,)]

f

+ 02070, 0,, + Y0, 0,, + 0%0, 0, | + 0¥[@~0, 0,, + 00, J,,

+0%0,,0, | . r1)d(n2.72)) -

(40)

Because the integrals above has at least one a?(7) factor in their integrands, they give finite contributions. We also use the
fact that 4 is small and the following Taylor expansion was made:

1= = 3.0 9 o
H‘2<1—§9'B>z1+5(6-3)+5(9-8)2+--~, (41)

where H is given by Eq. (8) and terms up to second order were considered. Note that the derivatives above obey the

relation,
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Ok, O, (P1b2)
50 [f2(n, 1) + 4AK f5(n, )]

{ If k=7¢,
= § . (42)
If k #¢, 200D
where Ak = k| —ky, A =€, —¢,, with kK, =x, y, z,
and

2@22

(80 ) = s (143
mem afco

m-a;cg

1
[0(2)(’71 - 772)2 —-r

faln.r) = (43)

2]11 ’

with n =2, 3 and r defined by Eq. (30).

Although the number of terms is significantly large, from
the generalization given by Eq. (42), we note that some
terms will be null in the coincidence limit (» — 0). Thus,
applying this limit we have

9 B)/ dﬂz/ d’?la '11
(m — '72)

2 X X
q /°° ) o -0
+ dn,a(n / dnma(n [ + +
2”2 2 2 4 2 ( 2) . 1 ( 1) (’71 ) (’71 )

SRR

o-o” ] (44)

(m —m)*

Using the scale factor given by Eq. (37) into Eq. (44) we first integrates by parts and then uses the residue theorem [90], to
obtain the velocity dispersion of the particles in the z-direction

e p—— i

3ntm? lecoﬂo

2¢%a}
515 0*B%)?
ﬂ'4 Zafcoﬂ(z) C( )[( )

where we have used the definition w = #,/n,, which
represents a relation between the final conformal time 7,
and the constant parameter 7. Here, {(x) is the zeta
function and ¥(n, x) is the nth-polygamma function.

As we are dealing with B = Bk only, the above
expression simplifies to

2¢%a}
—— 515 0*B*)?
e L)

((Av7)?) = + (0B, (46)

(ar) = L2 ()
o
m*m*azcg

27°m? afc0

S (0°B* +0'B) (1 + % (6- E)) {7@(3) +

+ (07B)?

el (275}

+ (0*B* + "B, (45)

|
which corresponds to the dispersion parallel to the magnetic
field. Note that, the velocity dispersion in the z-direction is
constant and different from zero. The dominant noncommu-
tativity contribution is a second order term and when &' = 0
or B* = 0 the dispersion is null which is the same result
found in Ref. [72] for a commutative expanded fluid.

Now let us apply the same methodology for the
perpendicular dispersion. For this we consider i = x in
Eq. (28), to obtain®*

3—> - ny L 1
+30B) ["an [T dna )
2@-B) [Man ["aneo)

2 0 0 O XX
1 4/ dﬂzaz(ﬂz)/ dmaz(m)[(

Ve
+
m—m)* (m—m)!

omo" } (47)

(m —m)*]

Note that we have used the fact that the two first integrals are equal. Since ® is constant, the integrals of Eq. (47) are the
same as the ones obtained in Eq. (45). The difference appears in the © factors, which by the use of Eq. (18), they can be

expressed in terms of 6 and B. Thus, using the scale factor (37), we get

(Av)) = 224

2¢° al

4.2
n'm afcono

—C3) ("B + 6°B%)* + (6" B*)*

2.2 .
S (0B + 0°B) (1 n % @- E)) {74:(3) +Re Blp<2 z J;le)] }
Tt m-azcong n

+ (6°B¥)?], (48)

*The case i = y is also perpendicular to the field and it gives similar results.
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which is the expression for the proper velocity dispersion in
x direction and w = n/n,. The fact that the magnetic field

B = Bk results in

2T gy (1 +%(9z3z>)

{7 +re v (2720 |

2q¢%af
————¢(3)(6°B%)?, 49
+ 7r4m2afcc311% é’( )( ) ( )

or considering up to the first order terms in 6,

2¢°a?

4,22 .42
3 m=agcong

x {7§(3) +Re Bw(z,” ijﬂ } (50)

Note that now the velocity dispersion in the x direction has
a time dependence. This dependence in time did not appear
in the z-direction. It is given in terms of the dimensionless
parameter w = 1,/1,. Figure 1 shows curves for Eq. (50) as
function of the w parameter.

From Fig. 1 we note that for large values of w,
corresponding to large values of time 7,, the noncommu-
tativity effect approaches a constant value. Moreover, the
effect has a fast behavior to short values of w, that is, small
time separation between 7, and 5y. However, the most
important result here is to find an asymptotic solution for
{(Av¥)?). Thus for large w we find

((Av")%) ~ (6°B)

14¢%a?

4,22 42
3nmagzcong

(0°B){(3).  (51)

< (Avx)2>Asympt0tic ~

In the Fig. 2 we show the plots of the asymptotic result (51)
(dashed line), together with (50) (solid line).

In summary, Eqgs. (45) and (48) are the general expres-
sions for the velocity dispersion of the massive scalar

10.0¢
95¢
9.0

G(w)

85}
8.0¢

w

FIG. 1. The contribution produced by noncommutativity in
the Eq. (50) as a function of the w. Here, w = n;/n, > 0 and
G(w) = (Av")2) x Br*miadein/242a} (0°B7)).

8.45['
8.44
8.43 |

8.421

8.41¢
8.40

w

FIG. 2. The contribution produced by noncommutativity in the
Eq. (50) (represented by G(w)) and (51) (represented by F(w)) as
a function of w. Here, w = n,/ng > 0 and G(w) = ((Av*)?) x
Brtm’aicing/2q%a(0°B%)]  and  F(w) % ((A0")?) aqymprotic X
[3z*m*atcing/2q% a3 (6°B%)).

particles that form the noncommutative fluid in the z and x
directions, respectively. When we assume that the magnetic
field is nonzero only in the z-direction we obtain Egs. (46)
and (49). So, these equations show a non-null velocity
dispersion. This result disagrees with the one found in
Ref. [72], where the stochastic motion of scalar particles
with mass m for a commutative fluid was studied. In this
case, the fluid considered was a BEC and in a similar way
to what was done in Sec. II of the present paper, linear
perturbations in the fluid parameters (p, ¢, S) were applied,
and a metric similar to the one found in Eq. (12) was
obtained with the same scale factor present in Eq. (37).
Thus, due to the null result found in Ref. [72], the non-null
result found in the present paper, suggests a relevant
contribution coming from the noncommutativity in the
stochastic motion of the particles.

B. Bound particle in an expanding
noncommutative fluid

Similarly to the previous case, we will now analyze the
velocity dispersion in two distinct directions. First, let us
verify the dispersion in z direction. From Eq. (35) we obtain

2(12 > -
(@) =5ty (14:30-B) [[ dmaa()a ()

X [f2(n.2) + 4822 f5(n. 2)]
2q%a>

+22f// dipydnya™(ny)
7*m

X {2@”AxAzf3(f1, 7) + 20 AyAzf5(n, z)

+ %GZZ[ 2(n.2) + 4822 f3(n. 2)] } (52)

where we have used the definition of f,(n,z) given by
Eq. (43), and the fact that the second and third integrals in
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the right-hand side of Eq. (35) are equal and a Taylor
expansion in the noncommutative parameter (), up to first
order, was made. Furthermore, in the fourth term in the
right hand side of Eq. (35) the Minkowski vacuum
|

((sz)2>—2q2 L (1+39 B)/

divergent term must be subtracted during the renormaliza-
tion procedure.

Finally, applying the coincidence limit in Eq. (52)
we find,

1

a>(in) /_:o dma™? (ﬂl)m

2@22 ny +oo0 1
+ 2 2 4 d’h dnla 771 ( )

Temecg
(53)
Using the scale factor given by Eq. (37) and the residue integration method in Eq. (53) we obtain
2¢*a%sinh*(g) s - - ¢’a’sinh?(g)
Avy = ZLEE I 3y~ E (1436 B) + L (9Bt 4 oy
((ar) =L D |e(s) = 5] (1438 B) + o 0+ )
2gi 2
x Re |V 2,ﬂ+ I _y 2,m ; (54)
2n 2n
[
where w = 577/n, and 2g¢*a%sinh*(g) P
~ Avyy = “LAPTE A r3) ~ 2| (14 36°B). (56
R LOR (NS DN

1. (o +1 1. [co
g= 2ln <(x2 — 1> = 2ln (Csf>’ (55)
with a* = a}/a} > 1. The parameter c,; = c,(n = ny)
represents the final sound velocity in the fluid at a final
time 7, and ¢ the initial sound velocity.

Equation (54) is the general expression to the proper
velocity dispersion of the particles in z direction. Applying
the same procedure done in the previous section, let us
choose the magnetic field in the z direction, so we get

2

2.2
q-ay
272 m?

((Av*)?) =

2q2 2

+ 20V AxAyf3(n, x) + 202 AxAzf5(n, x) }

Note that, for 8° = 0 or B* = 0 we recover the result found
in Ref. [72] in the absence of boundaries. Thus, in the
present paper, there is an additional first order contribution
due the noncommutativity of space.

Now, for completeness, let us investigate the velocity
dispersion in a perpendicular direction, by making i = x in
the Eq. (35), we obtain

(1+36-B) // dnydnsa=2(n)a=2(n2) (2 (1. 3) + 4A22f5 (. )]

ot ] amana ) {30717200.0 + 4825000

(57)

Since the factors ©% are constants the integrals in the x direction are equal to those obtained to the z direction. Therefore in

the coincidence limit

24*agsinh*(g) 4

mmPnialcy

(ar)?) = -

o Re[q}(z’”+2gl> _T(Z’mﬂ’
2 2

and once we choose the magnetic field in the z direction

[4(3)—”—}(1+3§-1§)+

q*ajsinh’(g)
3ntm*gaicd

(B’ + 6°B7)

(58)
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Av¥)2) =
((ar)) m*m*niaicy

_ 2q’ajsinh*(g) { 3T

q*agsinh*(g)

(3) - 9—0] (14 36°B) 55 (0°B)

m=1mpai ¢y

xRe{‘P(Z”Zzgi) —‘P<2,”+2(9+W)i>]. (59)

T

T

In this particular case we have a time dependence given in terms of the parameter w. Now, let us plot the effect of the
noncommutativity. For this purpose, we define a new function 7'(w)

T(w) :%22(9) [§(3) —”—4} +1Re [w(z,”+29i> —T<2,wﬂ, (60)

90| 3

aj

this is the term proportional to 6°B* and it can be written as

4,22 4.2
T m-aycoty

T=
q*agsinh?(g)(6°B%)

~ 2q*agsinh*(g) )
m*rz*atcin? ’

{<(M)2>
(61)

As we know from (55), the g factor is expressed in terms of
the fluid parameter and similarly we can show that

%_lo—ﬁ). (62)

a 2 o

Figure 3 shows the plot of Eq. (60) for different values of
cgr- We observe that the first order noncommutativity
contribution on the velocity dispersion in the x direction
(perpendicular to the magnetic field) is negative. Note that,
T(w) decreases for small values of w, but when w assumes
large values we note that 7'(w) tends to a constant. In
addition, when the sound velocity in the fluid c,; assumes
large values, the noncommutative corrections are more
negative. It also shows the influence of noncommutativity
on the velocity dispersion of the particles when the sound
velocity in fluid is relatively large, however when the sound
velocity in fluid ¢, takes on small values, as can be seen in
Fig. 4 in a region of large w and small ¢, the

OJ,‘
-1H —— 0.5¢
-2 0.7¢y
g _3>\’5‘. """" 0.9¢y
— —4F 1
-5¢ W
PN W Pt e
_7k ‘
0 2 4 6 8 10 12 14
w

FIG. 3. The contribution of the noncommutativity in Eq. (60).
The three lines represents the curves for distinct values that the
final velocity ¢, take in relation to the initial fluid velocity c¢.

2 2

I
noncommutativity contributions for velocity dispersion
can be positive.

As it was noted in Ref. [72] for commutative spaces with
bounded particles the velocity dispersion of the particles is
constant and is the same in all directions, that is, in the
absence of boundary it is isotropic. However, as shown in
Egs. (56) and (59), for noncommutative spaces we obtain
different velocity dispersion for different directions and the
isotropy, at least in first order, is broken. It is also important
to note that the negative contributions that appears in
Figs. 3 and 4 are up to the first order @-corrections. The
dominant contribution is really the zeroth order term
present in Eq. (59) which is positive.

V. METRIC FLUCTUATIONS

In this section, we wish to discuss briefly the validity of
the methodology adopted in previous sections where the
effects of the metric fluctuations were not considered. We
will see that these effects can be, for the cases treated in this
paper, neglected. So, let us remember that at the end of
Sec. III, we have said that these fluctuations are in general
viewed as linearized perturbations upon a metric. In some
analog models for quantum gravity effects, the metric
fluctuations could induce sound cone fluctuations. In
general, a diagonal metric is taken into account, and white
or colored noise is implemented in the equation of motion
of the particles [5]. Thus, we could write Eq. (10) under the
perspective of Eq. (36) in the following diagonal form,

1.0 ! ‘
05" ﬁ
\
00\ T
B i
F-05— Lt mra ==t
® T — 0.1¢p
[Pt
—1.0F =
0 i 0.15¢,
A N 0.165 ¢
—-15F L /'I 0
AR | ‘ ‘._._9_200 |
0 2 4 6 8 10 12 14

w

FIG. 4. The contribution of the noncommutativity in Eq. (60)
for small values of c;;.
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ds* = H*(1 + y)[—c3di* + a*(dx* + dy* + dz%)],  (63)
where, in general, y = y(7,r) and y < 1. In what follows,
let us incorporate these fluctuations on the geodesic
equation. Thus, the right-hand side (rhs) of Eq. (20)
becomes

du’

. + 2gui +yu' 4+ (Ojy)u'u,

|

l ~
o= (64)
where we have considered up to the first order terms in y.

Since, from Eq. (11), a > 1, and in many analog models
[5,91-94], the tensor y,, has only the yo, component, which
is regarded as white noise with spatial dependence
(y =y(r)) only. As we are working in a nonrelativistic
limit, ' < 1, we can see that, from Eq. (64), the dominant
contribution comes from the two first terms. Then, the rhs
of Eq. (20) describes the motion of the particles properly.

Now we wish to see the consistency in considering the
fluctuations only in the scalar field ¢ and neglecting the
metric fluctuations, as was done in Sec. III. In general,
these fluctuations has the following features: (y(z,r)) =0
and (y(ty, r1)y(t2, 72)) # 0, which is similar to the fluctua-
tions in ¢.

The 3-force acting on the particles is given by Eq. (16).
Note that the metric tensor appears only in the two first
terms in the rhs of this equation. So, instead of taking into
account metric (10), let us consider the linearized metric
(63). Thus, the 3-force, up to the first order in y is,

. 1 - - - = ..
fixgH2a™? (1 ~50.B~y +ge.3> Vip+0iV,p. (65)

Note that the 4th term inside parentheses can be neglected
since it is proportional to €y with both very small.

In Sec. 1V, to see the consistency with Ref. [72], a null
magnetic field was considered. So to make the calculations
simpler, let us consider again that the magnetic field is off
(B = 0). Consequently H = 1 and Eq. (65) reads,

fl=qa*(1=7)Vig. (66)
The two-point function which must appear in the

integrand when the velocity dispersion is being evaluated
1S now,

(fi(t1r)f (1 rp)) & 0,0, ((t1, 11) (12, 72))
= 0;,0,[(@(t1, r)p(t2. 1))y (21, 11)7(22. 12)),

where we used the fact that (p(t,, r)p(t2, r2)y(t;,r1) X
v(ta, r2)) o< (P(ty, ri)p(ta. r2))(y (11, 1)y (22, 12)) with
(y¢p) = 0. Note that since the second term in the rhs of
Eq. (67) is a product of fluctuations it is much smaller than
the first one.

(67)

In what follows in the rest of Sec. IV, when B #0, it is
also possible to neglect this contribution since, in our

model, B and 6 are nonfluctuating constants. So the two-
point functions that appear in the integrands of Sec. IV is
always dominant against the quadratic term of Eq. (67) that
would appear in these integrals if the metric fluctuations
were considered.

VI. CONCLUSIONS

In this paper, we studied the stochastic motion of a
classical scalar particle coupled to a quantized massless
scalar field in an expanding noncommutative background.
We have shown that this expansion is analogous to a FRW
geometry. To perform this analogy, we considered a
decomposition and a linear expansion of the scalar field
that is a solution consistent with a Lagrangian describing
the noncommutative Abelian Higgs model in a flat space-
time. In order to simplify our expressions, the model
admitted that the electric field present in Lagrangian (3)
and the flux velocity were null, and that the noncommu-
tativity was activated when a magnetic field is turned on in
a given direction. Thus, the study for the stochastic motion
of a scalar particle was implemented for this expanding
noncommutative background. It was found noncommuta-
tive correction for the free and bound particles. Whereas the
former were defined as particles that follow geodesics, and
the latter as particles that were under the influence of a
classical external force that cancels locally the effects of the
expansion.

In a recent paper [72] a commutative Bose-Einstein
condensate (BEC) was taken into account to study the same
type of motion described above. In this situation, it was
found a non-null velocity dispersion associated with the
bound particles, meaning that these particles undergo
stochastic motion due to quantum fluctuations. In the
present paper, when bound particles were considered, we
have found the same result present in Ref. [72] added by a
factor proportional to the noncommutative parameter 6. In
this case, the noncommutativity contributes as a first-order
correction. Such correction could be negative for short
times and positive in the long time regime. However, the
dominant contribution is the zeroth term in 6, which is
positive.

In the same context, for a commutative fluid, when no
boundary is present, it was found in Ref. [72] that the
velocity dispersion associated with the free particles was
zero. This means that free particles has no stochastic
motion due to the quantized field in the expanding
commutative background. However, in the present paper,
when the noncommutativity of space is taken into
account, a nonzero velocity dispersion was found for
the free particles. For the dispersion perpendicular to the
magnetic field, it was found a term proportional to 6 and
for the dispersion parallel to the magnetic field a term
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proportional to > was found. This result could be
interpreted as a direct consequence of the noncommuta-
tivity of the space.

The stochastic motion of the particles shown in this
paper is a subtle, nontrivial quantum effect and, although
the mechanism presented here to observe this manifestation
is limited, the main interest of our paper is theoretical once
our results show a relevant contribution coming from the
noncommutativity of space.
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