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Abstract

The paper investigates the non-local property of quantum mechanics by analyzing the role of the
quantum potential in generating the non-local dynamics and how they are perturbed in presence
of noise. The resulting open quantum dynamics much depend by the strength of the Hamiltonian
interaction: Weakly bounded systems may not be able to maintain the quantum superposition of
states on large distances and lead to the classical stochastic evolution. The stochastic hydrody-
namic quantum approach shows that the wave-function collapse to an eigenstates can be de-
scribed by the model itself and that the minimum uncertainty principle is compatible with the re-
lativistic postulate about the light speed as the maximum velocity of transmission of interaction.
The paper shows that the Lorenz invariance of the quantum potential does not allow super-
luminal transmission of information in measurements on quantum entangled states.
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1. Introduction

The quantum to classical transition is one of the unsolved problems of the modern physics [1]-[3]. The discon-
nection between the two theories leaves open the question about the hierarchy between them. The quantum me-
chanics, on the base of its statistical postulates, needs the classical mechanics (i.e., the classical observer) but it
seems to be the basic theory from which the classical mechanics can stem in the macroscopic limit where 7%
tends to zero.

One current of thought is represented by the “deterministic” approach to the quantum mechanics that analyzes
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how the quantum equations are a generalization of the classical one [4]-[13] where the nonlocality is introduced
in various ways, the Madelung quantum potential [6]-[8], the Nelson’s osmotic potential, the Bohm-Hylei
quantum potential or the Paris and Wu fifth-time parameter.

The non-local restrictions of the quantum hydrodynamic analogy (QHA) [6]-[8] derive from the application
of the quantization of vortices [8] and by the elastic-like energy of the quantum pseudo-potential but not from
boundary conditions as happens for the Schroédinger equation where the non-local character of evolution is de-
termined by the initial and boundary conditions that are not included into the equation.

The deterministic approach continuously gains interest in the physics community due to the fact that it helps
in explaining quantum phenomena that cannot be easily described by the standard formalism. They are: The
multiple tunneling [14], critical phenomena at zero temperature [15], mesoscopic physics [16] [17], numerical
solution of the time-dependent Schrédinger equation [18]-[20], quantum dispersive phenomena in semiconduc-
tors [21], quantum field theoretical regularization procedure [22] and the quantization of Gauge fields, without
gauge fixing and without ensuing the Faddeev-Popov ghost [23].

On the theoretical point of view, one of the most promising aspects of these models is helping in investigating
the quantum mechanical problems using efficient mathematical technique such as the stochastic calculus, the
numerical approach and supersymmatry.

A parallel current of thought, investigates the possibility of obtaining the classical state through the loss of
quantum coherence of classically chaotic systems due to the presence of stochastic fluctuations [24]-[28]. Most
of the outputs of this field of investigation are based on numerical simulations or semi-empirical approaches but
they do not own a global theoretical view. The quantum decoherence is achieved as a consequence of the chao-
ticity of motion equations where, due to a high Lyapunov exponent, the future state of the system is very sensi-
tive to a very small fluctuation. In this case the future form of the quantum superposition of states is deeply per-
turbed and its coherence (ability to maintain its characteristics along time) is lost. Since the chaoticity is due to
the non-linearity of the system, the quantum decoherence cannot be described by an analytical model whose
closed form can show how it is generated and how it depends by the physical parameters of the system.

The present paper investigates the non-local property of quantum mechanics and its decoherence in presence
of noise by using the QHA [6]-[8] implemented with the stochastic calculus [29]-[32] that are able to depict how
the quantum decoherence is generated and how it is connected to the interaction properties of the system.

2. Stochastic Generalization of the Quantum Hydrodynamic Analogy

The quantum hydrodynamic analogy (QHA) states that the Schrddinger equation, applied to a wave function

v =|w|exp{%s}, is equivalent to the motion of a particle density n,,, = |W|2(q 9 with velocity q:V—S, ob-
’ ' m

eying to the equations [8]

o+, (ng,)=0, @
. oH . 0;S
g _on_ P _ % @ ’ )
o m m
pi = _ai (H +un ) ’ (3)
where
0
0, =—o, 4
=% 4
where
Pi bi
H =214V ()

is the Hamiltonian of the system and where V,, is the quantum pseudo-potential that reads

_ (7 0,0, |w|
Yoo = [%J_M | ©
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Equations (1)-(3) with the identity

t
Pi Pi
S= t{ dt [—Zm Vi —vquj @)
can be derived [33] [34] by the system of two coupled differential equations
2 0,0,
8,5 = Vg + 1= W1 5sas ®)

2m |y|  2m

1 1
Oly|=——ailv|oS -2 -lv|aiais ©)

by taking the gradient of (8) and multiplying Equation (9) by |¢//| . It is straightforward to see that the system of
Equations (8)-(9) for the complex variable

i
w =|w|exp bs} (11)
is equivalent to equate to zero the real and imaginary part of the Schrédinger equation
0 7
mg"’ S 00w +Vgw (12)

The stochastic generalization can be established by consider the presence of a noise 7 as a function of both
time and space.

For the sufficiently general case, to be of practical interest, 7, can be assumed Gaussian with null corre-
lation time, the space is assumed isotropic and the noises on different co-ordinates independent. Thence, the
stochastic partial differential conservation equation for n,,, reads [32]

O =0 (Mg 8 )+ q.my (13)
<’7<qa 0 ”(qﬁ+x‘r+r)> = <’7(qa) "ap) >G (4)6(7)3, (14)
By =0 (Vigy +Vau(my ) » (15)
q=C- B, (19)
¢
S= t{ dt [% ~V, —un(n)j (17)

where T is the noise amplitude parameter (e.g., the temperature of an ideal gas thermostat in equilibrium with
the system [32]) and G(4) is the dimensionless shape of the spatial correlation function of 7.

The condition that the energy fluctuations due to the quantum potential V,,, do not diverge, as T goes to
zero (so that the deterministic limit (i.e., the quantum mechanics) can be warranted) leadstoa G(4) owing the

form [32]
!iﬂG(l)zexp[—[%j ] (18)

The noise spatial correlation function (18), is a direct consequence of the derivatives present into the quantum
potential that give rise to an elastic-like contribution to the system energy that reads [34]

T 12 12
J“(qt) wnd Inmt) {2 jaa“(q,o dg, (19)

—0

where a large “curvature” of n,, leads to high quantum potential energy.
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This can be easily checked by calculating the quantum potential of the wave function :cosi—nq that

h? o )\ 2n n2 (2nY
V, =—| — || cos— 0.0.| cos—(q |=—| — 20
. [zm][ o) 00, (cosZa) -0 ) (20)

showing that the energy increases as the inverse squared of the distance 4 between two adjacent peaks (i.e.,
the wave length). In the stochastic case, these peaks can be generated by two independent fluctuations of the
wave function modulus where A represents (as a mean) the correlation distance of such fluctuations.

Therefore, particle density independent fluctuations very close each other (i.e., 41— 0), generating very high
curvature on the density ng,, can lead to a whatever large quantum potential energy even in the case of va-
nishing fluctuations amplitude (i.e., T — 0).

In this case the convergence of Equations (13-17) to the deterministic limit (1)-(3) (i.e., the standard quantum
mechanics) would not happen. Therefore, in order to eliminating these unphysical solutions, the additional con-
ditions (22) comes into the set of the quantum equations [32] in order to rule out unphysical solutions.

If we require that Hq <oo (following the criterion that higher is the energy lower is the probability to reach
the corresponding (i.e., state with infinite energy have zero probability to realize itself) it follows that indepen-
dent fluctuations of the density n,, on shorter and shorter distance are progressively suppressed (i.e., have
lower and lower probability of happening). This physical effect due to the quantum potential (that confers to the
particle density function the elastic behavior like a membrane, very rigid against short range curvature) imposes
a finite correlation length to the possible physical fluctuations.

In the small noise limit [32] the suppression of particle density fluctuations on very short distance, due to the
finite energy requirement, brings to a restriction on the correlation length of the noise itself A, [32] that reads

. h
limi, =2—————,
70 (2ka)“2

reads

(21.9)

and to the expression for G(4) that reads

limG(l)zexp{—[%) ] (21.b)

leading to explicit form of the variance (18)
2
. KT A
_!,I_rp)<77(qa 0 Mapraten) > = ﬂWeXp [‘[7} ]5(7) Oup (21.c)
C C

where 4 is a constant with the dimension of a migration coefficient.
Furthermore, the action (17), that can be re-cast in the form [32]

t
p-p
S =.[dt( om Vi) _un(n)]

)

2m
=S,+0S

t
p-p
= ,[dt (__V(q) ~Vaume) =Ny j ' (22)
fo

in the case of very small noise amplitude (close to the deterministic quantum mechanical limit) due to the con-
straints (21.c), ownsa oS that is a small fluctuating quantity [32].
Finally, it is worth mentioning that for T > 0 the stochastic Equations (13)-(17) can be obtained by the fol-
lowing system of differential equations
n ooilw| 1

0.S=V,_ +——1__".5508.S 23
! @ 2m |y  2m T (23)

OALibJ | DOI:10.4236/0alib.1102466 4 March 2016 | Volume 3 | e2466


http://dx.doi.org/10.4236/oalib.1102466

P. Chiarelli

1 1 -
o lw|= _Eai lvl-ais _ﬂ|‘/’|aiais +vl 1 M.t (24)

which for the complex wave function  are equivalent to following the stochastic version of the Schrédinger
equation [33]
2

. Oy n LY
IhEI—%aiaiV/'FV(q)l// +|W77(qyu-). (25)

3. Quantization of Motion in the Hydrodynamic Model

In order to establish the hydrodynamic analogy, the gradient of action has to be considered as the momentum of
the particle. When we do that, we broaden the solutions so that not all momenta solutions of the hydrodynamic
equations can be solutions of the Schrédinger problem.

As well described in Ref. [12], the state of a particle in the QHESs is defined by the real functions |:,//|2 =Ny
and p; =0;S,y -

The restriction of the solutions of the QHES to those ones of the standard quantum problem comes from addi-
tional conditions that must be imposed in order to warrant the existence of the action function by the field of the
particle momenta.

The integrability of the action gradient, in order to have the scalar action function S, is warranted if the proba-
bility fluid is irrotational, that being

q q
Sy = | dI-VS = [dl-p (26)
0] %
is warranted by the condition
Vxp=0 27)
so that it holds
rc=ddl-mg=0. (28)
Moreover, since the action is contained in the exponential argument of the wave function, all the multiples of
2nh , with
q
Suay = Soqy + 20 =Sy o+ [dI-p+2nmh n=0,123,-- (29)
Yo

are accepted.

3.1. Characteristics of Eigenstates

Below, we will show how the problem of finding the quantum eigenstates can be carried out in the hydrodynamic
description. Since the method does not change either in classic approach or in the relativistic one, we give here an
example in the simple classical case of a classical harmonic oscillator.
In the hydrodynamic description, the eigenstates are identified by their property of stationarity that is given by
the “equilibrium” condition
p=0 (30)

(that happens when the force generated by the quantum potential exactly counterbalances that one stemming from
the Hamiltonian potential) with the initial “stationary” condition

G=0. (31)

The initial condition (31) united to the equilibrium condition leads to the stationarity ¢ =0 along all times and,
therefore, by (30) the eigenstates are irrotational.

Since the quantum potential changes itself with the state of the system, more than one stationary state (each one
with its own V_ ) is possible and more than one quantized eigenvalues of the energy may exist.

qun
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2

For a time independent Hamiltonian H - P Ly

> (¢ » Whose hydrodynamic energy reads [34]
m

2

E-P v
2m

@ TV

qu’

with eigenstates y, (q) (for whichitholds p=mg=0) it follows that

t t
S, = jdt [M_v(q) —unn) (v(q) +unn)_[dt =-E,(t-1,) (32)
% 2m o

and that Vv, = E, -V,,, thatrepresents the differential equation, that in the quantum hydrodynamic description,
2
allows to derive to the eigenstates. For instance, for a harmonic oscillator (i.e., V, = quz) such differential

equation reads

" ) me’q?
V,=—-|— 0,0, = . 33
) SRR @)
If for (33) we search a solution of type

|l//|(q,t) = A eXp(_aqz)’ (34.9)

we obtain that az% and A, =H (where H,,, represents the n-th Hermite polynomial). There-

n(mo,
2h

fore, the generic n-th eigenstate reads

i me E t
= exp| —S =H ex exp| —— |. 34.b
V) |W|(q,t) p[h (q,t)j| [meg) p( T j P( . ) (34.b)
From (34.b) it follows that the quantum potential of the n-th eigenstate reads
hz
V,,"=-| — |lw|d;0;
qu (ij|l//| i ||l//|
M
2 — -2(n-1)

:_m;) 9% +|n h . +% heo (35)

2
LT (n-i-ljha)
2 2

where it has been used the recurrence formula of the Hermite polynomials H,,, = %an —2nH, _, , that by (33)
leads to
1
E, =Voun tVig =(n +Ejha) (36)
The same result comes by the calculation of the eigenvalues that read

E, :<'/’n |H|'/’n>: T‘/’*(q,t)Hop‘/’(q,t)dq
:J |V/|Z[H(q,t) +unn]dq = ,[ n(q,t){ q L (q Q) }dq

= [ {%Vsm +ma) (a- q) u”}dq

—o0

@37

©

=f“m{ (a-a) - ma’ (q q) (n%jhw}dq:(mgjhw
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2
where H® :—h—aiai +V,
2m

(@ andwhere ng ., =y > ¥y Moreover, by using (32), (36)-(37) for eigenstates

it follows that

B =—0, (H +V,, ) =5, ((n +%)ha)]=0, (38.a)
) =£=0- (38.b)
m

Confirming the stationary equilibrium condition of the eigenstates.

Finally, it must be noted that since all the quantum states are given by the generic linear superposition of the
eigenstates (owing the irrotational momentum field mg=0) it follows that all quantum states are irrotational.
Moreover, since the Schrodinger description is complete, do not exist others quantum irrotational states in the
hydrodynamic description.

3.2. The Quantization of the Stochastic Hydrodynamic Motion Equations

In the QHA, the non-locality does not come from boundary conditions (that are apart from the equations) but from
the quantum pseudo-potential (6) that depends by the state of the system and is a source of an elastic-like energy
[8] [32] [34].

If we consider a bi-dimensional space, the quantum potential makes the vacuum acting like an elastic membrane
that becomes quite rigid against curvature (i.e., fluctuations) on very small distances.

Given that the force of the quantum potential in a point depends by the state of the system around it, it intro-
duces the non-local character into the motion equations.

Being so, the quantum non-local properties can be very well identified and studied by means of the analytical
mathematical investigations of the property of the quantum potential (6).

This fact is even more important in presence of fluctuations since the quantum potential, containing the second
partial derivatives of the wave function modulus, is critically dependent by the distance on which independent
fluctuations happen.

The derivation of the correlation length of the noise A, from the condition of non-diverging energy of the
quantum potential short-distance fluctuations brings a quite heavy stochastic calculation and is out of the purpose
of this paper [32].

Nevertheless, from the general point of view, we can observe that if 4, goes to infinity respect to the physical
length of the system L (i.e., microscopic mass or low temperature) the noise variance (14) becomes a pure
function of time and reads

; KT
l'f?;<’7<qa 0 ’7<q/;+z,t+r)> alyyid ()3, (39)
(3

Moreover, given the 1. dependence of the amplitude of noise variance, it goes to zero (as well as §S in (22))
and the deterministic standard quantum equations are recovered in the limit 4, -« [32].

In this case, the ensemble of forbidden values for the action due to the quantization constraint (deterministic
limit) reaches the well-known characteristic of the quantum mechanics form.

On the contrary, when fluctuations are present, the stochastic quantum hydrodynamic analogy leads to a sce-
nario where the domain of forbidden states becomes smaller and smaller as the fluctuations amplitude increases
(see Figure 1).

In order explain the phenomenon depicted in Figure 1, we observe that the quantum force cannot be taken out
by the deterministic PDE (1) [8] [34] because this operation will wipe out the eigenstates deeply changing the
structure of such equation.

The presence of the QP is needed for the realization of the quantum stationary states (i.e., eigenstates) that
happen when the force of the QP exactly balances the Hamiltonian one.

On the other hand, when we deal with large-scale systems with physical length £> 4. and when fluctua-
tions are present in weakly interacting systems, we can have a vanishing small quantum force at large distances
(see Appendix A) [17] [31] [32] that, being much smaller than fluctuations, becomes ineffective to the evolution
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Figure 1. Quantized action in presence of noise. For sufficiently large noise, non forbidden
action values exist anymore.

of the system (and can be neglected in the motion equations). In this case, not only the action can take whatever
value but the quantization itself is physically lost.

It must be underlined that not all types of interactions lead to a vanishing small quantum force at large distance
(a straightforward example is given by linear systems where the quantum potential owns a quadratic form (see
Appendix A) [17] [32].

Nevertheless, it exists a large number of non-linear long-range weak potentials (e.g., Lennard Jones types)
where the quantum potential tends to zero (see Appendix A) at infinity and can be neglected [31]. In this case, a
rarefied gas of such interacting particles behaves as a classical phase when the mean particle distance is much
larger that the quantum potential range of interaction [17] [31] [32].

In the following we analyze the large scale form of the SPDE (13) both for finite and infinite quantum poten-
tial range of interaction.

In order to investigate this point, let’s consider a system whose Hamiltonian reads

2

P
H= %J”V(q) , (40)
in this case the Equations (1)-(3) can be derived by the following phase-space equation
0 , .
OPa.p) +g(p(q,p,t) (XiH X )) =0 (41)
where
Ny =[] Papnd™P- (42)
X :(ﬂ,_aiH] (43)

i op;

Xq =(0,-0Vy, ) (44)
by integrating Equation (41) over the momentum p with the conditions that  lim P.pyy =0 with the constraint
on the quantum phase space density [Pl

Papn =Nand(P=VS). (45)

The factor & ( p- VS) (namely the wave-particle equivalence) warrants the correspondence rule
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p=mg=VS (46)

between the quantum hydrodynamic model and the Schrédinger equation [8] [33] [34].
When a spatially distributed random noise is present, the phase SPDE, whose zero noise limit is the determi-
nistic PDE (41), reads

0 . .
atp(q,p,t) +&(p(q,pyt) (XH + X )) = 77(q,t,T)5( P _VS) ’ (47)

Near the deterministic limit, in the case of Gaussian noise (8), it is possible to re-cast (47) as

0 . . 0 .
%P1 +8_xi(p(‘”"t) (XiH T X )) = _a_)(i(/’(q,p,t)5xiqu )+ Maeryd(P=VS), (48)

where p, in %, . isthe solution of the PDE (1) and where &%, =(0,~V4V,, ), where

g g
é\/qu :_(%]{n 1/26iain1/2 _no 1/28iain01/2}

=Vaum) ~Vau(w)

(49)

where Ny, = m Poapd"P -

Thanks to conditions (21.a-21.b) [32], closer and closer we get to the deterministic limit (i.e., z°—>oo) ,

smaller and smaller is the amplitude of the random term on the right side of (48)

g :
_&(p(q'p")ﬁxi““ )+ Marryd(P=V8) = &q- (50)

) L . . .
When f — oo the standard quantum mechanics is achieved and the quantum potential cannot be disregarded

from the hydrodynamic quantum motion equations.

On the contrary, when A, <« £, in weakly bounded system when the force steaming from the quantum poten-
tial at large distance tends to zero (and becomes much smaller than its fluctuations) it is possible to coherently
define [32] a measure of the quantum potential range of interaction 2, that reads [32]

2 oV
[lat = *dq
0 oq
4 =2 (51)
a oV
2
6q (a=4)
A .
Thence, when fq — 0 it follows that
XqU(Po) <Xy, (52)

where formula (52) expresses the fact that the quantum potential force Xqu(po) = (0,—aivqu( po)) is much smaller

than its fluctuations 5)'(qu(p0) = (0,—6iéun) and, hence, that

|aiv . (53)

qu(ng)

< |6ié\/qu(n)

For sake of completeness, we observe that close to the deterministic limit (i.e., to the quantum mechanics)
when £ </, the quantum potential cannot be disregarded even if it is vanishing small, therefore the quantum
potential range of interaction A, is physically meaningful if and only if 4, >4 . For 4, </, the quantum
potential range of interaction must be retained equal to A, .
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Introducing (53) into Equation (48) it follows that

(p(q P, 1)5 )+ 77(q,t,T)5( P _VS)

j (L>>/1q)

2

h ~~3'K for £=3x10"%m andm
L

0 .
OtP.p) +&(p(q,p,t) (XiH )) =-
(54)

I\)\H >Q<)|Q)

I () 3
L

Equation (54) for small but not null noise amplitude T (i.e., T > T, =

equal to the proton mass, where T, is defined by setting A, = L) leads to the stochastic phase space PDE

OcPrg.pn t aa (P(q pt)( )) =S (59)

where &, is a small random quantity, that shows dynamics that fluctuate around a deterministic “classical”
core and that do not own eigenstates.

Physically speaking, the central point in weakly quantum entangled systems, whose characteristic length is
much bigger than the quantum potential range of interaction, is that the stochastic sequence of fluctuations of the
quantum potential does not allow the coherent reconstruction of the superposition of state since they are much
bigger than the quantum potential itself. In this case (especially in classically chaotic systems) the effect of the
quantum potential with fluctuations (even with null time mean) on the dynamics of the system is not equal to the
effect of its average.

If the quantum potential can be disregarded in a large scale description, the action (22) reads

fo(pp
S=(dt| =2_v _v _sv
tJ; ( 2m (q) qu(ng) quj

2m
=S, +6S

t

~ [gt[ PP

= [dt (— ~Vig) — a\/quj (56)
to

and hence, the momentum of the solutions given by the J-function in (45) (i.e., 5( p—V(S, +5S)) approaches
the classical value (plus a small fluctuation) and reads

p:ai(scl+55):pcl+5p- (57)
When we deal with a huge scale system (i.e., A, <« £) given the macroscopic scale, the quantized action values
become very dense and the allowed action ones fill all the space (see Figure 1). Moreover, in weakly interacting

systems we may actually have that quantization is ineffective.
Observing that the quantum coherence length 4. results by the geometrical mean of the stochastic length

Iil_'(lf (of order of unity or less, about (1.44 cm at 1°K)) and the Compton length I, = M (the reference length
mc

for the standard quantum mechanics) it follows that the description of a macroscopic system (with a resolution
Aq suchas 4l.,4, <Agq< L) is classically stochastic at laboratory scale, even at low temperature, since for

. . I.7ic
T. as small as the temperature of the background radiation 2725°K, it results A, oc( T<T

j =2.8x10°m

for a particle of proton mass (or 4 ~3x10°m at a temperature of 300°K)). Even if the condition
A, <, <Aq is usually satisfied for macroscopic objects constituted by Lennard-Jones interacting particles,
there also exists (at laboratory condition) the possibility to have Aq< 4, and, hence, to detect quantum phe-
nomena. The most direct and immediate way is to consider observables depending by molecular properties of
solid crystals that, due to the linearity of the particles interaction, can own a very large quantum potential range
of action A, (that may result of order of ten times of the atomic distances [17]). Another possibility is to refri-
gerate a fluid below the critical density (if it does not undergo solidification) in order to obtain that the mean
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molecular distance becomes smaller than A, or A, [31].

4. Discussion

Non-linear systems of particles weakly-interacting, to which equation (54) can apply, are wide-spread in nature.

For instance, Equation (54) can apply to a rarefied gas phase particles interacting by a Lennard-Jones type
potential where the mean inter-particle distance is much bigger than 4, and A (for instance for the helium at
room temperature it results A, ~ 4, ~107cm [31]). In this case, the quantum superposition of states of mole-
cules (or group of them) do not exist and the gas system behaves classically.

A deeper analysis [17], shows that the classical behavior of molecules of a real gas is maintained down to the
density of liquids. On the contrary, due to the linearity of intermolecular forces in crystals, 4, becomes bigger
than the mean inter-particle distance [17] and the quantum behavior of groups of atoms is maintained. Never-
theless, since the linear interaction of solids ends over a certain distance, the quantum behavior survives just in
phenomena at the molecular scale (e.g., Braggs diffraction).

From this output, the stochastic quantum hydrodynamic model gives a realistic answer to the Schrodinger’s
cat enigma: such a cat (made of ordinary weakly interacting molecules) cannot have a macroscopic dimension in
a noisy environment.

Furthermore, it is worth mentioning that in the classical macroscopic reality when we try to detect micro-
scopic variables, below a certain limit, the wave dual properties of particles emerge.

If in the classical macroscopic reality the position and velocity are perceived independent, on microscopic
scale the wave-particle property (e.g., the impossibility to interact just with a part of a system without perturbing
it entirely) leads to the coupling between conjugated variables such as position and velocity.

The scale-dependence of the quantum potential interaction leads the classical perception of the reality until
the resolution Aq is at least larger than the quantum coherence length A .

Moreover, we observe that higher is the amplitude of the noise T, smaller is the length 4. and, hence, higher
is the attainable degree of spatial precision within the classical scale.

On the other hand, higher is the amplitude of noise, larger is the variance of energy measurements and/or re-
lated quantity such as the velocity.

It is straightforward to show that this mutual effect on conjugated variables in presence of noise obeys to the
Heisenberg’s principle of uncertainty.

In fact, by using the quantum stochastic hydrodynamic model, it is possible to derive the uncertainty relation
between the time interval At of a measurement and the related variance of the energy on a particle of mass m.

If on distances smaller than 4. any system owns quantum properties, like a wave, any its subparts cannot be
perturbed without disturbing all the entire system, it follows that the independence between the measuring ap-
paratus and the measured system (classical freedom) requires that they must be far apart, at least, more than

%o and, hence, for the finite speed of propagation of interactions and information (local relativistic causality
2
(LRC)) the measure process must last longer than the time 7 = Zﬁ .
c

Moreover, given that the noise 7., in (13) can generally be very small, the energy fluctuations are Gaus-

sian [32] and the mean value of the energy fluctuations per degree of freedom is AE k7T [35] and thence,

Ul

in the non-relativistic limit (mc? > kT ) for a particle of mass m, the energy variance reads

ot ) (o)

1/2

(58)
=(2mc’® (AE,; ' 2mc2kT
M

from which it follows that [32] [35]
2 1/2
(2me’kT )

AEAt > AEAT = - S =h. (59)
C
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It is worth noting that the product AEAt is constant since the growing of the energy variance
/2 . . ..
AE o (2mcsz )l with the square root of the temperature is exactly compensated by the decrease of the mini-
mum time of measurement

S (60)

(2mcsz )1/2

furnishing an elegant physical explanation why the Eisenberg relations exist in term of a physical constant.
The same result is achieved if we derive the uncertainty relation between the position and the momentum of a
particle of mass m.

If we measure the spatial position of a particle with a precision of AL >?C so that we do not perturb its

quantum wave function (spontaneously localized on a spatial domain of order of 2AL > 4.) the variance Ap
of the modulus of its momentum due to the vacuum noise reads

1/2

o= [me 250 ey )| (o« 2mse,~(re’)

1/2

(61)
1/2 1/2
= (2m(AEq,)) = (2mkT)
leading to the uncertainty relation
ALAp > % = 2 (2mkT "% = 1, (62)

If we impose of measuring the spatial position with a higher precision (i.e., 2AL < 4.), we have to localize
the quantum state of the particle more than what spontaneously is.

Due to the increase of spatial confinement of the wave function, the increase of the quantum potential energy
(due to the increase of curvature of n) as well as of its variance are generated. As a consequence of this, the par-
ticle momentum variance Ap increases too.

Since the correlation between the wave-function localization and momentum variance are submitted to the
properties of the Fourier transform relations (holding for any wave) the uncertainty relations remain satisfied if
we try to localize the wave function either by environmental fluctuations or by physical means (i.e., external po-
tentials)).

In the frame of the stochastic QHA (SQHA) the achievement of the classical mechanics is achieved as a
scale-mediated effect.

The SQHA shows that the classical freedom principle (independence between systems), the local relativistic
causality can be achieved and made compatible with the quantum mechanics, and the uncertainty principle, in
the frame of a unique theory [35].

The possibility of classical freedom derives from the fact that weakly bounded systems can disentangle them-
selves beyond the quantum coherence lengths 4. and A4,.

Moreover, it is noteworthy to note that the quantum mechanics recovered as the deterministic limit of a sto-
chastic theory, fulfills the philosophical need of determinism [1]-[3]. In the SQHA model the quantum mechan-
ics represent the deterministic limit of a stochastic theory. In this picture, the quantum distributions are determi-
nistic and well defined once the initial distributions and boundary conditions are defined. Under this light the
hydrodynamic model gives its answer to the God-enigma: God does not play dice.

Moreover, in the SQHA, the wave-function collapse to an eigenstate (due to an interaction (i.e., measurement)
in a classical fluctuating environment) is not described with the help of statistical measurements (out of the
theory) but can be described by the theory itself as a kinetic process to a stationary state. This fact leads to a
quantum theory with the conceptual property of a complete theory.

From experimental point of view, in order to demonstrate that the local relativistic causality (LRC) breaks
down in quantum processes, it needs to demonstrated that the time of measurement z (not smaller than the
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wave function decoherence time) is so short that the wave function collapse to the eigenstate is faster than the
light to travel the distance £ over which the quantum entangled state is localized (i.e., £> 4, and L< Aq)-
Therefore, it is sufficient to demonstrate that

e

T<—=
c

but, since the environmental energy fluctuations for the particle are given by (21.a), it follows that, the SQHA

model shows that the LRC breaking is equivalent to prove the violation of the Heisenberg’s uncertainty prin-

ciple.

From the theoretical point of view the satisfaction of the Lorentz invariance of the relativistic hydrodynamic
quantum model enforce the hypothesis of compatibility between the LRC and the quantum nonlocality.

Given that the invariance of light speed is the generating property of the Lorentz transformations, the co-var-
iant form (i.e., invariant 4-scalar product) of quantum potential Vauw) [36]

2 H
_ 19,2l (63)
m |l
united to the property of the spacetime wave function w that changes accordingly with the Lorentz transfor-
mation, allows affirming that the quantum non-local behavior (deriving by the quantum potential) is compatible
with the postulate of the relativity of the maximum speed of propagation of interactions.

In fact, whatever inertial system we choose moving with velocity v < ¢, the quantum potential (63) realizes
the quantum dynamics in such new reference system (where the light speed is always ¢ and hence not attainable).
This fact forbids that in any inertial system the time difference between the initial conditions (e.g., starting of
measurement (i.e., cause)) and the final one (wave collapse (i.e., effect)) is null so that the quantum-potential ac-
tion on the whole wave function (sometime de-localized on very far away points) cannot realize itself in a null
time (or it can known before it happens).

The compatibility between the quantum mechanics and the postulate of light speed invariance of the relativity
can find its full demonstration inside a theory able to describe the kinetic of the wave function collapse during
the measurement process.

Actually, the formulation of the standard quantum theory, based on statistical postulates concerning the mea-
surement process, makes it a semi empirical theory unable to describe the “quantum irreversible” processes
(such as the measurement one) while a closed (self-standing) quantum theory must be able to describe the mea-
suring process itself.

To this end the SQHA shows to be a good candidate for describing the quantum behavior in presence of noise
allowing the description of the quantum decoherence and the quantum to classical transition [12] [22]-[36].

qu

5. Conclusions

In the present paper, the effect of the spatially distributed stochastic noise on quantum mechanics is analyzed.

The work shows how the quantum potential generates the non-local quantum behavior (eigenstates and cohe-
rent superposition of states) and the multiple quantized action values.

The analysis shows that in the quantum stochastic hydrodynamic model it is possible to maintain the concept
of freedom of the classical reality between systems far apart beyond the range of interaction of quantum poten-
tial as well as to make compatible the local relativistic causality with the uncertainty principle.

In the SQHA, the collapse of the wave-function due to the interaction with a classical object (in presence of
environmental fluctuations) can be described inside the model itself so that it can be assimilated to a relaxation
process to a stationary state (eigenstate).

The SQHA allows showing that the conditions on the measurement duration time are compatible with the re-
lativistic postulate of invariance of light speed and the quantum uncertainty principle.

The paper shows that this hypothesis has the theoretical support of the Lorentz invariance of the relativistic
quantum potential that generates the nonlocal behavior of the quantum mechanics.
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Appendix A
A.1. Quantum Interaction on Large Distance

The large-distance limit of the quantum force p,, =-0,V,, allow us to obtain the macro-scale form of Equa-
tions (42)-(47). For sake of simplicity, we discuss the one- dlmensmnal case with |1//| that at large distance goes
like

lim || oc exp[ (q)] (A1)

lgl—>

q

q
where Aqg is the macro-scale resolution) and 4, is the range of the QP interaction. By using (A.1), the QP (6)
at large scale reads

where Pq) is a polynomial of degree equal to k, z, =y~ g is the macroscopic variable (where y=—"

limV,, —I|m K2y ?2q"? +k (k —1) y 4507 002 (A.2)

Y >0
where ¢=3-2k.
Thence, for k<g (e, ¢>0) z,=0 finite, the quantum force -V V,, at large scale (ie., y >,

q=yz, —> ) reads

. T -9 -1/2(3+2¢) v
le(lzminite)_ VWau = !T.l 2K° (k _l)(ﬂq ) +k(k-1)(k - 2)(7/Zq ) Zq !

(A3)
~ 2k (k-1)(rz,) " =0.

Moreover, since the integral

”q‘lVVqu |dq Const + aj

dq <o (A.4)

converges for ¢ >0, (A.4) tells us if the QP force is negligible on large scale as given by (A.3). Therefore, fi-
nite values of the mean weighted distance

oV,

-1 qu

d
6qq

[la
0

RETA
oq

, (A5)

(a=4)

warrants the vanishing of QP at large distance and, hence, it can be assumed as an evaluation of the quantum
potential range of interaction.

It is worth mentioning that condition (A.4) is not satisfied by linear systems whose eigenstates have ¢=-1
[24], so that 4, =0 and they cannot admit the classical limit.

It is also worth noting that condition (A.4), obtained for n*? (WFM) owing the form (A.1), also holds in the
case of oscillating wave functions whose modulus is of type
=9 Za exp[ A ]}exp[ <q)}

lim n¥?

gl

(A.6)

where A are polynomials of degree equal to p. In this case, in addition to the requisite 0<k <g, the

conditions me®R and p<1 arerequired to warrant (A.4) [32].
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For instance, the Lennard-Jones-type potentials holds IIim A @ < d and, hence, they own A, finite.

gl

In the multidimensional case, 4, depends by the path of integration X and (A.5) reads
[ re® |6iVqu

Jq =270
K oV

l -1 qu
©|or

d3,

(A7)

(1) =%)

where r=|qg| and dg; is the incremental vector tangentto X.

oV,
Since, the physical meaning of 4, must be independent by the path of integration (we know that 5 s

integrable but we do not know nothing about the integrability of r(z)’1|8ivqu ) in order to well define A, the

fixation of the integral path is needed. If we choose the integration path = =rv, where v, isa generic versor,

A4 reads
2 oV
j rt 6““ dr
Ay =2 ) (A8)
a(m) — oV ' '
ﬂ«c_l qu
ar (q:)m‘/i)

Moreover, since in order to evaluate at what distance the quantum force becomes negligible whatever is the

direction of the versor v;, among the values of (A.8) we must consider the maximum one so, finally, A, reads
T 1 8un

or

oV,

71|
| or

dr
(=) (A9)

(9=2cvi)

A.2. Strength of Quantum Coherence

In order to evaluate the quantum coherence strength we analyze the quantum potential characteristics at large dis-
tance.

Fixed the WFM at the initial time, then the Hamiltonian potential and the quantum one determine the evolution
of the WFM in the following instants that on its turn modifies the quantum potential.

A Gaussian WFM has a parabolic repulsive quantum potential, if the Hamiltonian potential is parabolic too (the
free case is included), when the WFM wideness adjusts itself to produce a quantum potential that exactly com-
pensates the force of the Hamiltonian one, the Gaussian states becomes stationary (eigenstates). In the free case,
the stationary state is the flat Gaussian (with an infinite variance) so that any free Gaussian WFM expands itself
following the ballistic dynamics of quantum mechanics since the Hamiltonian potential is null and the quantum
one is a quadratic repulsive one.

From the general point of view, we can say that if the Hamiltonian potential grows faster than a harmonic one,
the wave equation of a self-state is more localized than a Gaussian one and this leads to a stronger-than a qua-
dratic quantum potential.

On the contrary, a Hamiltonian potential that grows slower than a harmonic one will produce a less localized
WFM that decreases slower than the Gaussian one, so that the quantum potential is weaker than the quadratic one
and it may lead to a finite quantum non-locality length (A.5).

More precisely, as shown above, the large distances exponential-decay of the WFM given by (A.1) with k < 3/2
is a sufficient condition to have a finite quantum non-locality length [17].

In absence of noise, we can enucleate three typologies of quantum potential interactions (in the unidimensional
case):
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1) k > 2 strong quantum potential that leads to quantum force that grows faster than linearly and 4, is infinite
(super-ballistic expansion for the free particle WFM) and reads

ov
lim —% c g™** 0). A.10
lim =5 d (¢>0) (A.10)
2) k = 2 that leads to quantum force that grows linearly
. OV,
lim o q (A1)
lal>= OQ

and 4, is infinite (ballistic expansion for the free particle WFM).
3) 2>k >3/2 “middle quantum potential”; the integrand of (A.4) will result

s
Constant > lim |g———
aq

[g]—>o0

>qt. (A.12)

e quantum force remains finite or even becomes vanishing at large distance but 2, may be still infinite (under-
ballistic expansion for the free particle WFM).

4) k < 3/2 “week quantum potential” interaction leading to quantum force that becomes vanishing at large dis-
tance following the asymptotic behavior

1V

aq

lim |q ~(e)

g}

>q @9, >0 (A.13)

with a finite 4, for T #0 (asymptotically vanishing expansion for the free particle WFM).

A.3. Pseudo-Gaussian Particle

Gaussian particles generate a quadratic quantum potential that is not vanishing at large distance and hence cannot
lead to classical dynamics. Nevertheless, imperceptible deviation by the perfect Gaussian WFM may possibly
lead to finite quantum non-locality length. Particles that are inappreciably less localized than the Gaussian ones

V,
qu

(let’s name them as pseudo-Gaussian) own that can sensibly deviate by the linearity so that the quantum

non-locality length may be finite.

We have seen above that for k < 3/2 (when the WFM decreases slower than a Gaussian) a finite range of inte-
raction of the quantum potential 2, is possible.

The Gaussian shape is a physically good description of particle localization, but irrelevant deviations from it,
at large distance, are decisive to determine the quantum non-locality length.

For instance, let’s consider the pseudo-Gaussian wave-function type

2
n=n,exp|— (q _9) (A14)

2
AQ? |1+ Eq—ﬂ)
| [A*f(a-g)

where f (q —g) is an opportune regular function obeying to the condition

(a-a)

A*£(0)> Ag? and limy, . f(q-q)< (A.15)

For small distance it holds

(q-9)° < A*f(q-q) (A.16)
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and the localization given by the WFM is physically indistinguishable from a Gaussian one, while for large dis-
tance we obtain the behavior

_ A*f(q-q)
limy, g N =Ny €XP [_T . (A.17)
For instance, we may consider the following examples
a)
f (q-g) =1 (A.18)
. A |
Ilm‘qul_m n=n,exp _A_qz ; (A.19)
b)
f(q—g):1+(q—9) (A.20)
A%lg-
limy,_g,.. N'= ", exp [—%1 ; (A.21)
c)
f (q—g) =1+In[1+|q—9|g} ~ In“q—gﬂ (0<g<?2) (A.22)
v
limg g, N2 Ny |q —9| ag® (A.23)
d)
g
f(q—g):1+|q—g| (0<g<2) (A.24)
k
- A*Ja-d
Ilmqug‘_m n=n,exp _T . (A.25)
Al cases a)-d) lead to a finite quantum non-locality length 4.
In the case d) the quantum potential for |q —g| oo reads
. . n? -1
“mlq—g\ﬁw un = "mlq—q%o_(%jh” 0i0, |'//|
2(k-1) k-2
()| A% (a-a) T A%k(k-1)(a-g) A26)
~ l2m (2Aq2)2 2AQ° '
(0<k<2)
leading, for 0 < k < 2, to the quantum force
|im‘q79|%—aivqu
2k-3 k-3
(2| A'K*(2k-1)(q-q) ) A*k(k=1)(k—2)(q-q) (A27)
| om (Zqu)z 2AQ?

that for k < 3/2 gives lim,, , ,,—0\V,, =0,
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It is interesting to note that for k =2 (linear case)

2
q-q)
=n"? =n"? ex —( = A28
the quantum potential is quadratic
i 2
. 23 149-9
limyg g Vou = _(E_J ( _)z _iz ) (A.29)
) am) (aq?)  Ad
and the quantum force is linear (repulsive) and reads
2| 2(q—
limg ., —0V,, = [h—j (q 92) (A.30)
= 2m 2
(aa’)

The linear form of the force exerted by the quantum potential leads to the ballistic expansion (variance that
grows linearly with time) of the free Gaussian quantum states.
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