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Abstract

The main topic of this paper is using Einstein’s equivalence principle
in the description of the gravity-induced wave function reduction in the
framework of Bohmian causal quantum theory. However, such concept
has been introduced and explored by Penrose for the standard quan-
tum mechanics, but the capabilities of Bohmian quantum mechanics
makes it possible to get some of results more clearly. In this regard,
the critical mass for transition from the quantum world to the classi-
cal world, the reduction time of the wave function and the temperature
that corresponds to the Unruh temperature will be obtained by applying
FEinstein’s equivalence principle for the quantum motion of particle.
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1 Introduction

One of the mysterious problems of quantum mechanics, which is not fully
understood, is the problem of wave function reduction. We cannot predict the
final state of the system after the reduction or collapse of the wave function in
a deterministic manner. Rather, we are faced with a mixture of outcomes that
we can only talk about the probability of the occurrence of a specific state.
A fundamental question is how this processes occurs? Also we can ask, what
is the objective criterion for determining the boundary between the quantum
and classical worlds? In other words, how can we determine whether an object
is a macroscopic or microscopic object?. As we know, the mass of a particle can
be considered as a criterion to determine the boundary between the quantum
and classical behaviors of a particle. The macroscopic objects obey the New-
ton laws of motion, while the dynamics of a microscopic object is governed by
the Schrédinger equation. In this regard, we need a gravitational theory which
involves the mass of the particle as a criterion for transition from the quan-
tum to classical world. This is done in the framework of gravity-induced wave
function reduction in which the self-gravity of the particle or the spacetime
curvature due to the particle mass, reduces the wave function of the parti-
cle [1-3]. Here, the self-gravity of the particle is justified through the concept
of probability distribution in quantum mechanics. We know that a particle is
detected around the point x in its configuration space with the probability
density p(x,t) = |¢|? at time t. Thus, the distribution of a point particle in

Fig. 1 A schematic plot for the concept of self-gravity in configuration space. The
probability distribution of particle is p = |¢|? in this space.

the configuration space seems like an extended mass distribution. Hence, the
definition of self-gravity is possible for a point particle in a quantum mechan-
ical sense. In the following, we point to two of the most important approaches
in the context of gravity-induced wave function reduction.
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One of the main approaches is based on the Schrodinger-Newton equation
[4-6]. A Gaussian wave packet with the initial width o¢, spreads out over
time(quantum mechanical behavior). To have a stationary wave packet, the
particle mass must be equal to a specific critical value in order to pro-
vide the required self-gravity to inhibit the dispersion of the wave packet.
The Schrédinger-Newton equation for a single particle with distribution p =

[(x,t)|? is:

V2 - Gm? Moﬁx’) P(x, ). (1)
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Minimizing the Hamiltonian functional equation of the Schrédinger-Newton
equation for a stationary wave packet, leads to a relation between the critical
mass of the particle and the characteristic width of its associated stationary
wave packet [4]. In other words, the value of oy for which the wave packet
remains stationary, is determined as follows:

52
Gm3’

oo = (2)
The width of the wave packet on the left hand side of this equation is related
to the objective quantities on the right hand side. This enables us to determine
the characteristic width of the wave packet objectively. By using the relation
(2), a critical mass for transition from the quantum world to classical world is

defined. It is given by
52 %
=) 3)

With a fixed o¢, the particles with masses greater than the critical mass rep-
resent more macroscopic behavior, and for the particles with masses less than
the critical mass, micro behaviors increase. The different classifications of par-
ticle motion in reduction processes in Bohmian context has been investigated
in Ref [7]. Also, a basic Bohmian explanation for gravity-induced wave function
reduction can be found in Refs [8, 9]. In practice, we must consider an object
with a definite size. For an object with the ordinary matter densities, the crit-
ical mass is of the order of the Planck mass m, ~ 1078Kg. See Refs [1, 10].
To study the gravitational reduction of the wave function in the framework of
the standard quantum mechanics, Refs [11-13] are suggested.

Using Einstein’s equivalence principle in the study of wave function reduc-
tion was introduced by Penrose under the title of ”gravitization of quantum
mechanics” [14-16]. It means bringing quantum mechanics closer to the
principles of general relativity. We know that the theory of gravity is a geo-
metric, intuitive, and visualizable local theory. But in quantum mechanics, we
encounter non-classical and non-local behaviors such as entanglement, super-
position of states, etc. Specially, in the standard quantum mechanics, the
concept of trajectory and pre-measurement quantities disappear and the phys-
ical quantities are defined as operators in a Hilbert space. On the other hand,
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one of the approaches in which an attempt is made to have a realistic descrip-
tion of quantum mechanics, is the causal quantum theory of de Broglie-Bohm.
[17-22]. But, as Bohm himself said, this is not the last word [23]. Rather, it
shows that a causal interpretation of quantum mechanics is not impossible.
Some of the concepts that have no room in the standard quantum mechanics,
can be defined in a more clear way in the Bohmian quantum mechanics. An
example, is the concept of particle motion in quantum domain. This, motivated
us to study the wave function reduction by applying the principle of equiva-
lence for the quantum motion of particle in order to provide a clear picture of
the problem.

First, we take a look at the concept of ”gravitization of quantum mechan-
ics” for the problem of wave function reduction. Due to the universality of
quantum mechanics, we expect that an object to be in a superposition of differ-
ent states of position simultaneously. But, we do not observe such a thing for
macroscopic objects. In the gravity-induced approaches, the reason of break-
ing the superposition of different states of the particle is the self-gravity of the
particle.

In Ref [16], it has been argued that if we use the principles of general rel-
ativity, the superposition of the quantum states of the particle at different
locations, in the presence of gravity, is not stable. Because it leads to differ-
ent vacua and the superposition of different spacetimes is illegal. To clarify
the effect of gravity, consider an object in two different locations with their
associated states |¢;),7 = 1,2. Each state satisfies the Schrodinger equation
separately as a stationary state, with a unique Killing vector. The superposed
state

1) = al¢r) + Ble2) (4)

is also a stationary state with the unique Killing vector IC = %. When, the self-
gravity of the object (the spacetime curvature due to the mass of the object)
is taken into account, the total quantum state becomes

[)g = ald1)|G1) + Blé2)|G2) ()

where, |G;),7 = 1,2, are the quantum state of the gravity in the location of the
particle. But, |¢))g is not a stationary state in the sense that it has a unique
Killing vector. Consequently, it decays to a stable state. The lifetime of the
superposition is N

TN X Fo (6)
where, AFEg denotes the uncertainty in the gravitational self-energy of the
mass distributions of the two stationary states. This interesting result is a
consequence of the concept of gravitization of quantum mechanics. For details
see[16]. Practically, we cannot predict the final state of the system exactly.
Because, we do not have enough information to make this prediction. In other
words, the unitary evolution of the Schrédinger equation breaks down during
the reduction of the wave function. Finally, we only have a mixture of states.
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The measurement problem also is justified through the gravity-induced
wave function reduction. In fact, the self-gravity of the measuring apparatus as
a macroscopic object, reduces the wave function of the measuring apparatus.
Because, its wave function is entangled with the different states of the quantum
system. Consequently, the wave function of the system following the reduction
of the wave function of the apparatus, reduces to a specific state. Schrodinger’s
cat is also justified in the same way. [16].

In the Bohmian quantum mechanics there is room for studying the motion
of a particle in a causal manner. Bohmian quantum mechanics assumes that
the particle motion is deterministic in principle, but we can only have sta-
tistical predictions and outcomes in measurements. In the Bohmian quantum
mechanics we can talk about the probability that at the time ¢ particle lies in
the volume element d3x around the point x. While, in usual quantum mechan-
ics we can only discuss about the detecting of particle at the time ¢ in the
volume element d3x around the point x. In other words, the deterministic evo-
lution of a system is basically possible in this theory. The quantum motion of
a particle can be described by the modified Hamilton-Jacobi equation

95(x,1) , (VS)*

ot o +V(x)+Q(x) =0. (7)

Here, quantity @ denotes the quantum potential of the particle and it is given
by
V2R B r*V2,/p

Q=-5.r 2my/p (8)

Where, p = ¢*1) = R? is the probability distribution of the particle. Equation
(7) can be obtained through the substitution of the polar form of the wave
function, ¢ = Re%, into the Schrédinger equation. The energy of the system
is related to the principal function or the action of the particle as

oS

E:—E

9)

The position of the particle is described by the following equation:

X S(x,
ddit) _ (v 751 t)>x_x<t> _ <%>x:x<t> (10)

where p = VS(z,¢) is the momentum of the particle. The meaning of x = x(t),
is that the particle moves along a trajectory of the ensemble which is described
by x(t). Newton’s second law for the quantum motion of the particle in an
external potential U, takes the form

d, .
7 (m%) = =VU = VQlxxt (11)
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Here, —V @, represents the quantum force. In this theory, the quantum force
and the quantum potential, give non-classical features to the system. Thus,
we cannot say Bohmian quantum mechanics is a return to the classical world.
According to the abilities of Bohmian quantum mechanics in describing the
quantum motion of a particle, we expect that the application of Einstein’s
equivalence principle for the problem of wave function reduction in Bohmian
context, gives clear and interesting results. However, the use of equivalence
principle for this problem has been done in usual quantum mechanics too, but
we shall see that there are some points and results that are not easy to achieve
in the framework of the standard quantum mechanics directly. In the following,
we first discuss about the WEP in the Bohmian quantum mechanics.

2 Einstein’s equivalence principle in Bohmian
quantum mechanics

In classical mechanics, the weak equivalence principle of general relativ-
ity(WEP) is expressed in different ways, all of which are basically the same.
In the following, we shall argue that all statements are not equivalent in the
Bohmian quantum mechanics. Three of the most famous statements of WEP
in classical physics are as follows.

The first statement: Inertial mass is equivalent to passive gravitational
mass: m; = Mmy.

The second statement: The behavior of a freely-falling test particle is uni-
versal: a = —g.

The third statement: In small enough regions of spacetime, the motion of
freely-falling bodies are the same in a gravitational field and in a uniformly
accelerated frame.

Before we start the discussion, let us make a point about the inertial and
gravitational masses. The inertial mass m;, in the first statement, has a uni-
versal character. Because it is defined in terms of resistance to momentum
change by other forces and it does not matter what kind of force is exerted to
it. On the other hand, m, is a quantity specific to the gravitational force. It
can be thought of as a gravitational property or ”gravitational charge”. In this
work, we assume that the gravitational property mg is equal to the universal
quantity m;. In other words, the extension of the first statement to quantum
mechanics is unobjectionable.

Now let’s look at the second statement of WEP in the Bohmian quantum
mechanics. The quantum version of Newton’s second law in Bohmian quantum
mechanics in the gravitational potential U = mg - x is:

d

E(mx) = —mg — VQ|x=x(t) (12)
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which leads to the equation

. 1
X=—g— EVQ|x:x(t) (13)

Equation (13) shows the violation of the second statement explicitly; even with
the equality of gravitational and inertial masses. Therefore, the first and second
statements are not equivalent in Bohmian quantum mechanics. In general, the
quantum potential () depends on the mass of the particle. Thus, the violation
of the second statement in (13) is not only due to the # coefficient. We shall
use relation (13) to study the particle motion under the influence of its own
gravity and quantum force.

Checking the validity of third statement has been widely done by some
authors [14, 24]. Consider a non-relativistic falling object in a homoge-
neous gravitational field g with the coordinate system (x,t). The Schrodinger
equation for this system is

o(x,t) R _,
th——"+ = ——V?%) —mx- x,1). 14
o 5V Y gy (x,t) (14)
According to the third statement, we can change the coordinate systems by
using the transformations
1
! 2
X =x— gt
28 (15)
=t
to get the Schrodinger equation in the accelerated frame with the acceleration
g. According to the third statement, an observer in this accelerated frame,
feels no sense of gravity. For this observer, the Schrodinger equation takes the
form of the free Schrodinger equation which is given by

L0 WP,

Here, ¢ is the wave function of the freely-falling particle in this frame. The func-
tions ¢ and ¢ are called ”Einsteinian” and ”Newtonian” wave functions[16].
To establish the third statement of WEP, two wave functions ¢ and ¢ must
be related in the form

o) = (5 (BE —x-wt) ) vt a7

or equivalently ,

: 2,43
W(x,t) = exp (% (g; +x- gt')) o(x, ). (18)
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These relations are also valid in the Bohmian quantum mechanics with the
difference that it is possible to use the phase of theses relations to study the
energy and dynamics of the particle. While, this is not possible in the standard
quantum mechanics. We shall see this in the next section. However, these
relations are derived for a particle in a homogeneous gravitational field and
are the consequence of the establishment of equivalence principle in quantum
mechanics, but we can use these relations in the problem of wave function
reduction where g denotes the self-gravitational field of the particle and can
be considered approximately homogeneous in a short-time estimation.

In Ref [16] it is argued that the nonlinear term %lztg breaks down the
notion of positive frequency and this refers to the different vacua or spacetimes.
Since, the superposition of different vacua is illegal, such superposition must
be reduced to a stationary state during the decay time 7 ~ A—;}g through a
non-unitary evolution. Finally, we are faced with a mixture of states. This is
what also happens in quantum field theory in curved spacetime or quantum
field theory in an accelerated frame. There, a pure vacuum state of a quantum
field for an inertial observer, is seen as a mixture of states for an accelerated
observer. The accelerated observer detects particles in his/her vacuum with
the Unruh temperature T' = 2:&‘2 where a denotes the acceleration of the
observer or frame.[25-27]. This shows that there is the same physical concept
behind the both phenomena which manifests itself as a transformation from
pure quantum state to the mixture of states. We shall show that in the context
of the Bohmian quantum mechanics, a similar temperature can be attributed
systematically to the particle distribution in configuration space. But, we first
show how applying the principle of equivalence to the quantum motion of
particle leads to the criterion (2) in Bohmian context.

3 The motion of particle and wave function
reduction

Now, we want to investigate the problem of wave function reduction in
Bohmian quantum mechanics for a particle moving in its own gravity. First,
we review the quantum motion of a particle in an external homogeneous gravi-
tational field. The motion of a particle in its own gravity can be studied by the
same equations in a short-time estimation. In a short-time estimation the self-
gravitational field of the particle and the width of its associated wave packet
are approximately constant[7]. By using the contents of Ref [21], a particle
falling in a constant gravitational field with zero initial velocity is guided by a
Gaussian wave packet given by:

d)(X, t) =
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The amplitude of the wave packet is as follows.

(x+ 58t } (20)

R= (2#02)%exp{— 157
o

Here, o denotes the width of the wave packet at time ¢, and it is given by:

h2t?

—_— 21
4m2od (21)

oc=o094/14+

The width o of the wave packet in a homogeneous gravitational field is the
same as the width of a free wave packet[21]. In a short-time estimation, o ~ gy.
Also, the probability distribution p can be considered Gaussian with a good
approximation [7].

It can be shown that the acceleration of the particle is given by:

52 X0

4m2oyo3 (22)

X=—-g-+

Where, the first term is gravitational acceleration and the second term denotes
the quantum or Bohmian acceleration.

Now, we discuss about the reduction of the wave function by using the
third statement of WEP. In general, the acceleration of a particle in an accel-
erated frame with the acceleration a and coordinates (x’, '), in a homogeneous
gravitational field is

¥=a—-g (23)
In order to establish the third statement of (WEP), we must have ¥’ = 0. In
other words, the acceleration of the frame must be equal to the gravitational
acceleration to have a free motion in this frame. On the other hand, there is
an interesting and subtle point about the nature and the feature of Bohmian
quantum force and that is the fact that quantum force is a type of inertial
forces. In other words, when the quantum force on a particle is considered,
the dynamics of the particle is equivalent to the dynamics of a particle in a
non-inertial frame with the quantum acceleration [28-30]. This means that
relation (22) describes the acceleration of a particle in a non-inertial frame
with the Bohmian or quantum acceleration. Of course quantum acceleration
is not constant in general. But, in our discussion we need the average of the
accelerations to obtain a criterion for the reduction of the wave function and
the average of quantum and self-gravitational accelerations in a short-time
estimation are constant with a good approximation [7].

Here are some interesting points. Quantum force only vanishes for a plane
wave. In a finite region of spacetime, specially in quantum world, we can-
not have a plane wave. In other words, in relation (22), we are always faced
with a quantum acceleration. Thus, to have a free motion in a finite region
of spacetime in an accelerated frame with the quantum acceleration, we must
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equalize gravitational and quantum accelerations. In fact, the quantum force
is different from usual forces in physics, such as the electric force between two
charges, the friction force and etc. Furthermore, the inertial forces do not obey
Newton’s third law[31]. Interestingly, this is one of the features of Bohmian
quantum force. In other words, it is a one-way force that is not related to any
energy field. The derivation of the Bohmian quantum force as a non-inertial
force under special conditions has been discussed in Ref [29)].

Now, to have a free motion in this accelerated frame (establishing of third
statement of WEP), quantum acceleration and gravitational acceleration must
be equal. But, to get an objective criterion we must obtain the averages
of these accelerations or forces. The quantum acceleration and gravitational
acceleration are the derivatives of the quantum potential and self-gravitational
potential which are defined as follows [7].

h? V2R h?210 OR h?

“o2m R 2mror\ or mog

2 2 a2
U:—/O GZL p(r')dv’Z\/gG:Z (l—e 2”3>. (25)

The volume element is dv’ = 47’ dr'. Here, for simplicity, we have written
relations (24) and (25) in spherical coordinates. Relation (25), in a general
form, is

!t 2
Ux,t) = —Gm?2 [ LECOE o (26)
X' — x|
which is the second term on the right hand side of relation (1). Relation (25)
shows its spherical form. In spherical coordinates, the amplitude of the wave

packet (20), in a short-time estimation, takes the form

2

R(r) = (2n02) " ie 3 (27)

For details, see Ref [7]. To obtain the average of quantum and gravitational
accelerations, we can use relations

A | /°° \F h2 h2
= — = — — = - - 2
|a(1| m m | 0 p(’I")VQd’U| T 2m208, mgag ( 8)

- 3 1 ° 1Gm  Gm
=L (1= [Tomvoal) - 1S5 S )

m m T 0 op

Where, p = ¢*1) = R?. Here, f;, = —VQ and f, = —VU are the quantum force
and self-gravitational force respectively. For this distribution, the quantum
force is

and

h2r
f=-VQ =15 (30)
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and the self-gravitational force takes the form

r2
V2 GmPre 278
f=-VU = T (31)

By equating the average values of these forces or accelerations, we get

h2
~Gm3

(oJs) (32)
This is the same as the famous criterion (2) of Diosi . But, here, this relation
is obtained through the investigation of WEP in Bohmian mechanics.

In the Ref [7], by investigating the deviation equation for an ensemble of
Bohmian trajectories, it has been shown that there are three regimes for the
particle motion under the influence of its own gravity and quantum force.
For masses greater than the critical mass i.e. the gravity-dominant regime,
gravitational force overcomes the quantum force and the motion of a particle
with the Gaussian distribution in its own gravity in the spherical coordinates
is described by equation

r(t) =7(0) — %i—?tQ (33)

For masses less than the critical mass, i.e. the quantum dominant regime, the
quantum force overcomes the self-gravitational force and quantum mechanical
behaviors increase. For masses equal to the critical mass, the stationary states
appear, and this is called transition regime. Relation (33) can be used to obtain
the time it takes for the particle to fall from r(0) = ¢ to r(7) = 0. It is given

by
3\ 3
_ (%0
T—(Gm) . (34)

Also, it has been shown in Ref [7] that relation (34) is equal to the decay time
in relation (6) as was proposed by Penrose. Now, by using the criterion (32),
the relation (34) can be written completely objectively as follows.

h3

T = —G2m5 .

(35)
As we expect, the reduction time is proportional to the inverse of particle
mass. In the next section, we shall get relation (35) through investigating the
difference in particle energy for two free and accelerated observers, and using
the uncertainty relation. We shall also derive a relation for temperature that
is mentioned in Ref [16].
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4 Einsteinian and Newtonian observers in
Bohmian quantum mechanics

In Ref [16], the decay time of a superposed stat consisting of two position states
in the presence of gravity is related to the uncertainty in the self-gravitational
energy of the particle. Now, we want to relate this uncertainty to the difference
in particle energy for two Einsteinian and Newtonian observers(frames). Then,
by using the uncertainty principle we shall estimate the reduction time. In Ref
[16], it has been pointed out that the accelerated observer should observe a
thermal vacuum with a temperature corresponding to known Unruh temper-
ature. But, in the non-relativistic regime (¢ — o0), the temperature goes to
zero. In this section we show that this temperature is indeed proportional to
the Unruh temperature. This is a new work in Bohmian context and has not
been done before.

Let us to obtain the relation between the Einsteinian and Newtonian wave
functions in an accelerated frame with coordinates (x’,¢’). For this purpose, we
can use relations (15), (17) and (18) or refer to Ref [24]. Any way, the desired
relation is as follows.

Y(x, ) = p(x', ¢ )er (Tmext+3met) (36)
On the other hand, the Einsteinian wave function(free wave function) can be
represented as follows. ‘
¢(Xl,t/) _ ¢06%S(x ,th) (37)
Now, equation (36) takes the form

1/)(X/7 t/) _ ¢06%+%(—mg~x%’+%mg2t’3) (38)

where, S(x’,t’) is the free or the Einsteinian phase of the wave function. The
Newtonian phase of the wave function is

1 .
S'(x',t') = S(x',t') —mg - x't' + gmgztl3 (39)

The energy of the particle is

98K, t) 98K, t)

E/ — 8t/ — 8t/ + mg . X/ _ mthIQ (40)
Now, by using x’ = —3gt'? and ¢’ = ¢, equation(40) becomes
oS (x',t 3 3
E = _7(875’ ) _ Emg2t2 =F - Emg2t2 (41)

The energy of the particle for the Newtonian observer is E’, while for the Ein-
steinian one is E. Relation (41), shows that energy is not conserved and varies
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over time. In other words, the difference in particle energy for two observers is

Et)=FE —F= —gmg2t2 (42)
It is clear that in the absence of gravitational field (g = 0), or in a flat space-
time, £ = 0 and the Newtonian observer is the same as the Einsteinian one.
This energy difference is due to the establishment of principle of equivalence.
Because, this energy difference is obtained through the differentiation of the
phase of the wave function with respect to time in relation (38). The form of
this phase is a consequence of the establishment of Equivalence principle in
quantum mechanics.

Now, to estimate the collapse time, we return to the wave packet and its
Gaussian distribution in spherical coordinates. We assume that at ¢ = 0, the
position of the particle is 7(0) = oy, and at ¢t = 7, the particle is at r = 0.
Then, during the reduction time 7, a sphere with the radius o¢ is formed in
the configuration space. The uncertainty in energy e(t) at ¢ = 7 must satisfy
the relation

Eli=rT = R (43)

where by using relation (42) we get
mg?r3 ~ h (44)
Now, substituting relations (29) and (32) into relation(44), gives:

h3

= G2mp

(45)
which is the same as relation (35).

Now, we return to the concept of temperature in gravity-induced wave
function reduction. As we mentioned before in Ref [16] it has been argued
that the nonlinear term mg; ts, in the unitary transformation between the
Einsteinian and Newtonian wave functions, is related to the different vacua
and the Unruh effect. Now, we define a quantity corresponding to the Unruh
temperature in the processes of wave function reduction, in the context of
Bohmian quantum mechanics.

Once again, consider a Gaussian spherical distribution in configuration
space with the single degree of freedom r, in the short-time estimation. When
the particle falls from r = o to the center of distribution( r = 0), due to its
own gravity, a volume %7708 can be considered in the configuration space. The
mean square velocity of the particle in the ensemble of trajectories is

() = [wpdo = (g2)) [ pdo~ gt (46)
0
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Where, u = gt is the velocity of the particle when it moves along the ith
trajectory of the ensemble in its own gravity *. For details see Ref [7]. In the
short-time estimation, |g| = |g| as it has been shown in Ref [7]. Also, in this
approximation the integral [ pdv = [° pdmr?dr has a constant finite value
which we ignored because it has no effect on the final result. Now, by using
the conditions 7(0) = g¢ and r(7) = 0, relation (33) gives the reduction time
in the form

72 = 2% (47)
which helps us to rewrite the square mean velocity of the particle in the form

u?(7) = 2[g|og (48)

In fact, this is the mean square velocity of the particle during the reduction
time. Thus, relation (42) can be written in the form

£t =7)] = gmiw?] (49)

which represents the relation between particle energy difference for two free and
accelerated observers and the average velocity of the particle in the ensemble.

Now, we can look at the probability distribution of the particle in the con-
figuration space like an ideal gas composed of identical particles. Then, by
using the thermodynamic relation u2 = % for a system with one degree of
freedom(radial motion toward the center of distribution in a spherical coordi-
nates), the kinetic energy due to the quantum effect of gravity is related to
the ensemble temperature T" and we have

kT
£ = 2lg|oo (50)
m

As we know, the critical mass for the transition from the quantum world to
the classical world is of the order of the Planck mass(10~8Kg), for which the
reduction of the wave function occurs [1, 10]. On the other hand, for a particle
or object with the Planck mass, the Schwarzschild radius of the particle and
its Compton wavelength are the same[32]. If we substitute the Plank mass
into relation (2), the value of oy becomes about 10732 meters which is of the
order of the Plank length. This shows that the reduction of the wave function
occurs when the effects of quantum gravity are important. According to these
arguments, we take the matter distribution radius (the characteristic width
of the wave packet) equal to the Compton wavelength of the particle, i.e.
o0~ Ao = % Then, relation (50), gives:

_ gl

T
kB

(51)

g% (e V2 — erf(A2) V)
NG

't can be easily seen that the exact value of u2(7) is equal to
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which corresponds to the Unruh temperature in quantum field theory in the
curved spacetime?. It may be appropriate to call it ”reduction temperature”.
This relation is derived for a particle with mass of the order of the Planck mass
and the width of its wave packet close to the Schwarzschild radius. Then, if

we substitute relations og = 2Gm and |g| = C[;f—’zn into relation (51), we get the
9]

reduction temperature in the form

h

T =
kBGm

(52)

which is of order of the Hawking temperature®. In other words, it is the Unruh
temperature when the radius of distribution is 09 = 2G'm in the configuration
space. We expected these results. Because, both in the quantum field theory
in a curved spacetime and in the gravity-induced wave function reduction,
acceleration or gravity transforms a pure quantum state into a mixture of
states. This mixture can be seen as a thermodynamic system with a specific
temperature.

Relations (51) and (52) were obtained, through the concept of geometriza-
tion or gravitization of quantum mechanics in the Bohmian context. But, what
is very important and mysterious is the hidden physical concept behind these
phenomena. A pure quantum state for an observer, seems to another observer
as a mixture of states with a specific temperature. Just, like a thermodynamic
system with a specific temperature. If we give originality to geometry, equiv-
alence principle and determinism, then we can conclude that the statistical
behaviors in quantum mechanics is not intrinsic. Rather, like a thermodynamic
system, it refers to our ignorance of all the necessary information about the
system. In other words, there may be an underlying fundamental deterministic
level whose information manifest to us as the probabilistic rules of quantum
mechanics. It may be related to the issue of hidden variables. But, the hidden
variables are not known to us to fully describe the quantum systems. It seems
that quantum problems and gravity meet where the concept of hidden vari-
ables becomes prominent. This is an open problem and needs further study
and research.

5 Conclusion

The results of this research can be divided into two parts.

In the first part, we used the equivalence principle of general relativity to
describe the gravity-induced wave function reduction in the Bohmian quantum
mechanics. In this regard, we studied the quantum motion of the particle in

2If we write the Compton wavelength in the form A¢ = 2, we will have T' = hlgl 1y non-

me> ke

relativistic regime, we can consider ¢ — oo. Then, this temperature does not have a significant
value in non-relativistic regime.

3Because of the Gaussian form of the matter distribution, relations (51) and (52) are obtained

by approximation. For example, the value of the gravitational acceleration for the Gaussian

distribution is |g| = 24/ 2 Gm whereas we simply set it equal to €. See Ref [7]
70 70
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its own gravity in a short time estimation. In a short-time estimation (o =
00), the average of gravitational and quantum accelerations can be considered
constant[7]. We used this point that the nature of the quantum force is like the
nature of an inertial force [29]. In other words, the dynamics of the particle
under the influence of the quantum force is equivalent to the dynamics of a
particle in a non-inertial frame with the quantum acceleration. So, to have a
free motion in this accelerated frame and to establish the third statement of
WEP, the acceleration of the frame should be equal to the self-gravitational
acceleration. This led us to obtain the famous criterion of Diosi for the wave
function reduction. Thus, by using the concept of trajectories and dynamics of
the particle we concluded that the establishment of the third statement, leads
to the wave function reduction systematically.

In the second part, we obtained the reduction time of the wave function
by using the concepts of Einsteinian and Newtonian observers, which has been
introduced in Ref [16]. Here, we used the energy formula F = —%—f which
relates the energy of the particle to the phase of the wave function. This rela-
tion helped us to obtain the uncertainty in particle energy to estimate the
reduction time. This can be seen as a new approach in this context. But an
interesting thing that happened in this part, was the obtaining of a tempera-
ture corresponding to the Unruh temperature. In Ref [16], it has been argued
that in the problem of wave function reduction there is a temperature cor-
responding to the Unruh temperature of quantum field theory in a curved
spacetime. We obtained a relation for this temperature through the capabili-
ties of the Bohmian quantum mechanics. This has been done for the first time
and can be interesting in its own way.

Finally, we argued that the connection between gravity and quantum
mechanics, in our discussion, is not accidental. Rather it can refer to deeper
concepts.
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