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ABSTRACT

Reflection of a microscopic non-zero rest mass particle from a macroscopic mirror gener-

ates two-particle interference from the incident and reflected particle substates and the asso-

ciated mirror substates. This amplifies effects such as fringe spacing since they are essentially

determined not by the mass of the macroscopic mirror but rather by the much smaller mass

of the microscopic particle. Coherence can be transferred during reflection from the initial

particle substate to the mirror substate. Interference of multiple such two-particle states

is discussed. These effects could lead to extending measurements of the quantum-classical

boundary to larger masses.

The possibility of non-simultaneous measurement of the positions of the particle and

the mirror is also discussed. The joint probability density, which is a function both of the

different positions and different times at which the particle and mirror are measured, is

derived assuming that no interaction occurs between the measurement times. An analog of

the Doppler shift for this correlated system is discussed along with interference of multiple

such two-particle states.
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CHAPTER 1

LITERATURE SURVEY/BACKGROUND

Correlation and interference distinguish quantum mechanics of point particles from clas-

sical mechanics of point particles. The boundary between these regimes [1, 2] continues to be

an area of interest both in attempts to explain why quantum effects are difficult to measure

on a macroscopic scale [3–7] and in attempts to measure quantum effects on a macroscopic

object [8–10].

A number of methods have been demonstrated that create these interesting states at the

mesoscopic level. Reflection measurement methods involve light interacting with stationary

[11] and oscillating mirrors [12–14] and with microwaves interacting with an oscillating mir-

ror [15]. Reflection of a photon from an oscillating mirror [16] and using a Bose Einstein

condensate as a mirror from which photons reflect [17] have also been studied.

Another method to create these types of states first creates a superposition of internal

states, such as an atom that is in a superposition of spin up and spin down states, and

then use laser pulses that only affect one of the two spin states to create spatial separation

between the two states. This will lead to a correlation in the measurements of the position

of particle and its internal spin state. However, because the position state is tied inexorably

with the internal state, the correlation of measurements is easily broken by measurements

that should not otherwise determine position.

Rather than addressing practical issues of implementation in detail, our work focuses on

illustrating two properties of this correlation: the “amplification” of these interference effects

and the transfer of coherence between the incident particle and mirror after reflection.

We will not deal with either quantum decoherence or issues associated with quantum

measurement. We are solely looking at the predictions of axiomatic quantum mechanics.
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CHAPTER 2

SIMULTANEOUS MEASUREMENT OF PARTICLE AND MIRROR

In this paper, I consider a system composed of a particle reflecting from a mirror, and

the correlation of measurements of their states following their interaction. Both the mirror

and particle have non-zero rest mass and motion is in free space along one dimension with all

states unbound. We can consider this system as described by a single wavefunction composed

of two substates, one for each particle.

2.1 Theory: Energy Eigenstates

The particle and mirror’s interaction is modeled as a delta function potential tied to the

position of the mirror. The reflectivity of the delta function is changed to model different

physical systems.

Because the potential is a delta function, Schrödinger’s equation can be can be solved

entirely in regimes where the particle and mirror are free particles, with added boundary

conditions at the delta function. Thus, the simplest solution to Schrödinger’s equation for

this system is plane waves for both the particle and the mirror. Due to the the superposition

principle and the linearity of Schrödinger’s equation, we can then build more physically

realizable solutions from sums of these harmonic wave solutions.

If the particle and mirror are initially in eigenstates of energy, the states after reflection

will also be eigenstates of energy. The particle-mirror state before the particle reflects from

the mirror will interfere with the particle-mirror state after reflection. This is similar to

the one-particle standing wave interference of a harmonic electromagnetic wave reflecting

from a stationary mirror [18]. However, correlation in this two-particle interference (with

the mirror being the second “particle”) is manifest as a coincidence rate, e.g. a correlation

in the measurement of particle-mirror positions.
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In what follows, the solution to the Schrödinger equation for a particle-mirror in an

eigenstate of energy is derived with arbitrary masses m and M and initial velocities v and

V respectively. The superposition principle is then used to determine interference for the

particle-mirror wavegroup. Using laboratory coordinates for the center of mass of the particle

and mirror, x1 and x2 respectively, we calculate the joint probability density for simultane-

ously measuring the particle and mirror at different spacial locations.

Before reflection, the Schrödinger equation for the non-interacting particle-mirror state

is

(h̄∂2x1/2m+ h̄∂2x2/2M + i∂t)Ψ = 0. (2.1)

The particle-mirror system has been partitioned into particle and mirror substates with a

solution given by

Ψ0 ∝ exp[i(kx1 −
h̄k2

2m
t+Kx2 −

h̄K2

2M
t)], (2.2)

where k and K are the wavevectors for the particle and mirror respectively, k = mv/h̄ and

K = MV/h̄.

A wavegroup constructed from the uncorrelated particle-mirror state in Equation 2.2 then

leads to predictions about the probability of simultaneously finding the particle at x1 and

mirror at x2. These wavegroup substates are not correlated. Therefore a measurement of

the particle position affects neither the time evolution of the wavegroup substate associated

with the mirror nor introduces any spatial correlation of the particle and mirror positions.

The particle-mirror interaction is modeled as a moving delta function potential where

reflection occurs at the center of mass of the mirror with the Schrödinger equation given by

(h̄∂2x1/2m+ h̄∂2x2/2M + βδ[x1 − x2] + i∂t)Ψ = 0 (2.3)

and one factor of h̄ is included into β (square brackets are used to indicate the argument

of a function). The mirror reflectivity, related to β, goes to infinity for a lossless mirror.
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The solution yields an energy eigenstate for the particle-mirror interaction, for which neither

the particle nor the mirror is localized. A wavegroup constructed from such solutions is

described below.

A separable solution to the two-particle Schrödinger equation results from a transforma-

tion to the center of mass and relative coordinates, which does not change the total energy.

The transformed Schrödinger equation becomes

(
h̄∂2xcm
2Mtot

+
h̄∂2xrel

2µ
+ βδ[xrel] + i∂t)Ψ[xcm, xrel, t] = 0 (2.4)

where Mtot = m + M , µ = mM/(m + M), xcm = (mx1 + Mx2)/Mtot, and xrel = x2 − x1.

The solution of the transformed equation corresponding to eigenstates of energy has time

dependence

exp[i(Erel + Ecm)t], (2.5)

where

Erel + Ecm = (h̄K)2/(2M) + (h̄k)2/(2m). (2.6)

This reduces the Schrödinger equation to two ordinary differential equations:

− h̄

2Mtot

d2U [xcm]

dx2cm
= EcmU [xcm] (2.7)

h̄

2µ

d2u[xrel]

dx2rel
+ βδ[xrel] = Erelu[xrel]. (2.8)

The particle-mirror solution must vanish at x1 = x2 to satisfy the boundary condition at

the mirror and not exist for xrel < 0 (or x1 > x2) since the particle cannot move through the

mirror. In this transformed system, a solution can be constructed from the superposition of

incident and “reflected” wavefunctions,

Ψ = (eiφin − eiφref )θ[xrel], (2.9)
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where θ[xrel] is the unit step function. The only difference between the arguments of the

two exponentials is the sign of the relative wavevector Krel, which due to reflection in the

relative coordinate is negative. That is,

φin/ref = Kcmxcm −
h̄K2

cm

2Mtot

t ± Krelxrel −
h̄K2

rel

2µ
t , (2.10)

where initial velocities must allow reflection to occur.

The particle-mirror system has now been partitioned into center of mass and relative

coordinate substates. This separable solution, for the two uncorrelated substates, can be

used to construct a wavegroup whose substates yield uncorrelated wavegroups associated

with the center of mass and relative coordinates. A measurement of the center of mass

position affects neither the time evolution of the wavegroup associated with the relative

motion nor introduces any correlation between the center of mass and relative positions.

While the energy and momentum of the center of mass substate are unaffected by reflec-

tion that is not the case for the relative substate where the relative wavevector changes sign

upon reflection. Therefore, in this separable system interference of incident and reflected

wavefunctions, determined by the probability density

ΨΨ∗ = 4 sin2[Krelxrel], (2.11)

is associated only with the relative coordinate substate.

However, changing the partition from center of mass and relative substates into parti-

cle and mirror substates yields a correlated state. This provides a method of extending

the quantum-classical boundary since interference of the incident and reflected particle sub-

states results in interference of the associated mirror substates due to the particle-mirror

correlation.

This change of substates is accomplished by substituting the particle-mirror coordinates

for the relative and center of mass coordinates in the separable solution given by Equations

2.9 and 2.10. The transformation involves Kcm = k + K, Krel = (Mk −mK)/Mtot, xrel =
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x2−x1, and xcm = (mx1+Mx2)/Mtot. These constraints transform eiφin in Equation 2.9 into

Equation 2.2. Transformation of the energy component of each substate must be consistent

with energy and momentum conservation in reflection. The energy of the reflected particle is

given by p2ref/(2m) with pref = h̄∂φref/∂x1. Similarly, the energy for the mirror is P 2
ref/(2M)

with Pref = h̄∂φref/∂x2. Both of these energies and momenta are consistent with those of a

classical particle reflecting from a moving mirror.

Interference of these incident and reflected wavefunctions in the particle and mirror sub-

states is then determined by

ΨΨ∗ = 4 sin2[
(mK −Mk){(x1 − x2)}

(m+M)
], (2.12)

which is similar to the interference pattern obtained in the correlation between two particles

produced in a momentum-conserving decay [19]. Another characteristic of this equation is

the lack of interference if only the mirror or particle is measured while measurement of both

results in a correlation of their positions. For example, the probability for detecting the

particle without measuring the mirror is manifest as an integral of Equation 2.12 over the

mirror coordinate [19] or given by the reduced density matrix obtained as a trace over the

mirror coordinates [20]. This averages out the interference pattern. However, simultaneous

measurement of the mirror and particle at different positions yields the interference predicted

by Equation 2.12.

2.2 Amplification

Consider such a simultaneous measurement. For fixed x1 and a microscopic particle

reflecting from a macroscopic mirror, the approximation m/M << 1 leads to interference

for the macroscopic mirror which varies from maximum to minimum through a distance

∆x2 ≈ πh̄/(m(v − V )). (2.13)
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Similarly for fixed x2 this approximation leads to interference for the microscopic particle

which varies from maximum to minimum through a distance ∆x1 = ∆x2.

These results can be compared with those for single particle interference of the mirror

traversing a double slit of spacing d and distance from the slits to the screen of L. In the

far field, the fringe spacing on the screen is ∆z = 2πLh̄/(MV d). For a macroscopic mass,

interference yields an imperceptible fringe spacing for any realistic double slit spacing.

If we assume that the mirror has no initial velocity (V = 0), then the fringe spacing of the

mirror scales as the de Broglie wavelenghth of the particle reflecting from it. Thermal atoms

have de Broglie wavelengths on the order of 10pm. Atoms in Bose-Einstein condensates have

can have de Broglie wavelengths on the order of 1µm. [10]

This “amplification” of the interference effect, ∆x2/∆z, proportional to the ratio of the

mirror and particle masses is caused by the generation of two mirror substates: before and

after reflection of the microscopic particle. The difference in energy and momentum between

these mirror substates is determined by a commensurate difference in the particle substates

and is a function only of the particle mass for M/m� 1. The maxima to minima distances

in interference are therefore the same for the particle and mirror and depend predominately

on the mass of the particle for large mirror mass.

2.3 Wavegroups

To better understand the experimental consequences of these results, wavegroups are next

formed from a superposition of the incident and reflected harmonic states (given in Equation

2.9) expressed in terms of the correlated particle and mirror substates. An analytic expression

for such wavegroups can be obtained for a Gaussian distribution of wavevector components

k and K (e.g. for the mirror this is proportional to exp[−(K − K0)
2]/(2∆K2) where the

peak of the distribution is at K0 and ∆K its width). The incident wavegroup propagates in

the (x1, x2) plane along a line whose slope is determined by a ratio of the group velocities of

each substate and spreads due to dispersion independently in each direction.
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2.4 Interference in Correlated Measurements

In Figure 2.1 snapshots of the two-particle probability density function are shown at

three times for M/m = 100, ∆K/∆k = 2, and K/k = 60. Inspection of these snapshots

confirms that the spatial location of the interference maxima and minima do not depend on

time as discussed above. Also, a slice of this figure, along x2 for fixed x1 shows the same

fringe spacing as does an orthogonal slice, as discussed for the approximation M/m >> 1

following Equation 2.13. In the center of mass and relative coordinate system (not shown)

the “fringes” are aligned parallel to the center of mass coordinate illustrating the result given

in Equation 2.11.

The minima of the interference shown in Figure 2.1 correspond to positions where the

particle and mirror can never simultaneously be found. This is independent of time as

long as the incident and reflected wavefunctions overlap. Verification of this result requires

simultaneous measurement of the particle and mirror with instruments which have a spatial

resolution that is smaller than this fringe spacing along both coordinates.

A slice of Figure 2.1 for x1 = 0 along the x2 coordinate is shown in Figure 2.2 (the

solid line) and confirms that a slice of this for x2 = 0 along x1 (the dashed line) shows

essentially the same fringe spacing for narrow bandwidth wavegroups, as discussed for the

approximation M/m >> 1 following Equation 3.10.

In the center of mass and relative coordinate system (not shown) the “fringes” are aligned

parallel to the center of mass coordinate illustrating the result given in Equation 3.8. The

minima of the interference shown in Figure 2.1 correspond to positions where the particle and

mirror can never simultaneously be found. Verification of this result requires simultaneous

measurement of the particle and mirror with instruments which have a spatial resolution

that is smaller than this fringe spacing along both coordinates.
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Figure 2.1: PDF plots of simultaneous snapshots for 3 sequential times vs coordinates
(x1, x2). The lower wavegroup is moving toward the diagonal white line, corresponding
to x1 = x2, then reflects from it in the middle snapshot where the incident and reflected
two-particle wavefunctions overlap, and finally moves away from the diagonal in the upper
snapshot.
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Figure 2.2: Slices of middle snapshot of Figure 2.1 along the x2 axis for x1 = 0 (dashed lines)
and along the x1 axis for x2 = 0 (solid lines). The x1 axis has been inverted to display both
the dashed and solid lines together. Although each graph has ∆K/∆k = 2 the value of ∆K
decreases sequentially by a factor of 2 from back to front.
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2.5 Comparison With Maxwell’s Equations

It is important to take a moment, and relate these results to the results we would see

if we considered this system from a more classical approach. Modeling this system with

classical electromagnetism would result in standing wave interference in the light reflecting

from the mirror. The mirror would also gain momentum from the light beam.

The solution in classical physics uses the position of the mirror as a boundary condition

for Maxwell’s equations, but the state of the mirror itself is not part of the solution to

Maxwell’s equations. In contrast, in this quantum mechanical scenario, the state of the

mirror is explicitly part of the solution of the system, as well as the state of the particle

reflecting from the mirror. This allows the state of the mirror to directly couple with the

state of the reflected particle.
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CHAPTER 3

NON-SIMULTANEOUS MEASUREMENT OF THE PARTICLE AND MIRROR

This work can be further generalized. Thus far, we have only considered measuring the

position of the particle and mirror simultaneously. However, there are insights to be gained

by looking at this system when the times of measurement are not simultaneous.

We propose that a description of such a system is given by a joint PDF which is a function

both of the different particle positions and different times at which each is measured. This

assumes that between the times of the two measurements there is no interaction.[21]

Such a prediction becomes non-trivial when the eigenstates of energy are superposed to

form a particle-mirrror wavegroup. A measurement of the energy of the reflected particle

substate then no longer leaves the reflected mirror substate with a unique energy since the

interaction could have occurred between many different initial particle and mirror energy

combinations from which the incident particle-mirror wavegroup was constructed. The focus

here, however, is on how this is manifest in correlated measurements of the positions at

different times of the particle and mirror.

We must again start construction of this wavegroup by solving the Schrödinger equation

for a particle-mirror wavefunction in an eigenstate of energy.

The particle and mirror have arbitrary masses m and M and initial velocities v and V

respectively. Laboratory coordinates are used for the center of mass of the particle and mir-

ror, x1 and x2 respectively. The incident and reflected particle-mirror wavegroups interfere

when they overlap. This is similar to the one-particle standing wave interference of a har-

monic electromagnetic wave reflecting from a stationary mirror [18]. However, correlation

results in two-particle interference which is manifest as a coincidence rate, i.e. a correlation

in particle-mirror positions.

12



To account for different temporal measurements of the particle and mirror, respective

time parameters t1 and t2 are introduced. These are used to identify the energies of the

particle and the mirror in the expression for the wavefunctions total energy and to label

the different times at which the particle and mirror are measured.[21] They neither tick at

different rates nor are they out of phase.

3.1 Theory

This derivation proceeds as before, however, the total wavefunction is now a function of

four parameters, two positions, x1 and x2 and two times t1 and t2.

Before reflection, the Schrödinger equation for the non-interacting particle-mirror state

is

(h̄(∂2x1/2m+ ∂2x2/2M) + i(∂t1 + ∂t2))Ψ = 0.

The particle-mirror system has been partitioned into particle and mirror subsystems. This

notation provides a label to which the energy and wavevector of each object is associated,

as is illustrated in the solution given by

Ψ0 ∝ exp[i(kx1 −
h̄k2

2m
t1 +Kx2 −

h̄K2

2M
t2)], (3.1)

where k and K are the wavevectors for the particle and mirror respectively, k = mv/h̄ and

K = MV/h̄. A wavegroup constructed from the separable particle-mirror state in Equation

3.1 then leads to uncorrelated predictions about the probability of finding the particle at

(x1, t1) and mirror at (x2, t2).

The particle-mirror interaction is modeled as a moving delta function potential where

reflection occurs at the center of mass of the mirror with the Schrödinger equation given by

(h̄∂2x1/2m+ h̄∂2x2/2M + βδ[x1 − x2]
+i(∂t1 + ∂t2))Ψ[x1, x2, t1, t2] = 0, (3.2)
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where one factor of h̄ is included into β (square brackets are used to indicate the argument

of a function). The mirror reflectivity, related to β, goes to infinity for a lossless mirror. Of

interest is a solution which yields an energy eigenstate for the particle-mirror interaction, for

which neither the particle nor the mirror is localized. A wavegroup constructed from such

solutions is then described below.

A separable solution to this two-particle Schrödinger equation results from a transforma-

tion to the center of mass and relative coordinates xcm and xrel with respective energies Ecm

and Erel. This transformation does not change the total energy; (h̄K)2/(2M)+(h̄k)2/(2m) =

Erel + Ecm. Relative and center of mass times trel and tcm are introduced and associated

with the relative and center of mass energies. These time variables satisfy the same prop-

erties as t1 and t2 but in this case provide the notation needed in separating the energies

associated with the relative and center of mass subsystems along the time coordinate while

also facilitating calculations of each subsystem at different times.

The transformed Schrödinger equation becomes

(h̄∂2xcm/(2Mtot) + h̄∂2xrel/(2µ) + βδ[xrel]

+i(∂tcm + ∂trel))Ψ[xcm, xrel, tcm, trel] = 0, (3.3)

where Mtot = m + M , µ = mM/(m + M), xcm = (mx1 + Mx2)/Mtot, and xrel = x2 − x1.

The solution of the transformed equation corresponding to eigenstates of energy has time

dependence exp[i(Ereltrel+Ecmtcm)]. This reduces the Schrödinger equation to two ordinary

differential equations:

− h̄

2Mtot

d2U [xcm]

dx2cm
= EcmU [xcm] (3.4)

− h̄

2µ

d2u[xrel]

dx2rel
+ βδ[xrel] = Erelu[xrel] (3.5)

The particle-mirror solution must vanish at x1 = x2 to satisfy the boundary condition at the

mirror and not exist for xrel < 0 (or x1 > x2) since the particle cannot move through the

14



mirror. In this transformed system, a solution can be constructed from the superposition of

incident and “reflected” wavefunctions,

Ψ = (eiφin − eiφref )θ[xrel], (3.6)

where θ[xrel] is the unit step function. The only difference between the arguments of the

two exponentials is the sign of the relative wavevector Krel corresponding to reflection in the

relative coordinate. That is,

φin/ref = Kcmxcm −
h̄K2

cm

2Mtot

tcm

± Krelxrel −
h̄K2

rel

2µ
trel, (3.7)

where the initial velocities must allow reflection to occur. The particle-mirror system has

now been partitioned into separable center of mass and relative coordinate subsystems.

This separable solution, for the two uncorrelated substates, can be used to construct a

wavegroup whose substates yield uncorrelated wavegroups associated with the center of

mass and relative coordinates. A measurement of the center of mass position affects neither

the time evolution of the wavegroup associated with the relative motion nor introduces any

correlation between the center of mass and relative positions.

While the energy and momentum of the center of mass subsystem are unaffected by

reflection that is not the case for the relative subsystem where the relative wavevector changes

sign upon reflection. Therefore, in this separable system interference of incident and reflected

wavefunctions, determined by the PDF

ΨΨ∗ = 4 sin2[Krelxrel], (3.8)

is associated only with the relative coordinate subsystem. However, partitioning the particle-

mirror system into particle and mirror subsystems yields a correlated state.

This change of subsystems is accomplished by substituting the particle-mirror coordinates

for the relative and center of mass coordinates in the separable solution given by Equations

15



3.6 and 3.7. The transformation involves: Kcm = k + K, Krel = (Mk −mK)/Mtot, xrel =

x2−x1, and xcm = (mx1 +Mx2)/Mtot. Transformation of the temporal part of this solution,

for this simple case of motion at constant speed, is constrained by the condition that the

separation of the total energy into particle and mirror components must be consistent with

energy and momentum conservation in reflection.

Application of this condition transforms eiφin in Equation 3.6 (and the appropriately

modified Equation 3.7) into Equation 3.1. The expression for eiφref , although simple to

calculate, is too large to present here. However, the energy of the reflected particle, given by

p2ref/2m with pref = h̄∂φref/∂x1, is associated with the temporal coordinate t1. Similarly,

the energy for the mirror is P 2
ref/2M with Pref = h̄∂φref/∂x2 and is associated with the

temporal coordinate t2. Both of these energies and momenta are consistent with those of a

classical particle reflecting from a moving mirror.

Interference of these incident and reflected wavefunctions in the particle and mirror sub-

systems is then determined by

ΨΨ∗ = 4 sin2[(mK −Mk){(m+M)(x1 − x2)
−h̄(k +K)(t1 − t2}/(m+M)2], (3.9)

which differs from the interference pattern obtained in the correlation between two particles

produced in a momentum-conserving decay [19] predominately by the temporal factor for

non-simultaneous measurement.

3.2 Discussion

To gain familiarity with this result, consider a simultaneous measurement. For fixed

x1, the approximation m/M << 1 leads to interference for the mirror which varies from

maximum to minimum through a distance

∆x2 ≈ πh̄/(m(v − V )). (3.10)
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Similarly for fixed x2 this approximation leads to interference for the particle which varies

from maximum to minimum through a distance ∆x1 = ∆x2, as has been seen in the case of

simultaneous measurement.

Consider next the time dependence in Equation 3.9 which is determined by the time

components of the phase of the incident wavefunction, Φin[t1, t2] = p2int1/2m + P 2
int2/2M ,

and the reflected wavefunction, Φref [t1, t2] = p2ref t1/2m + P 2
ref t2/2M . The temporal part

of the PDF depends on Φin[t1, t2] − Φref [t1, t2]. For simultaneous measurements this phase

difference is zero since the time variable factors from all energy terms and the total energy

is invariant. That, however, is not the case for non-simultaneous measurements since time

is no longer a common factor of all energy terms in the phase.

If x1, x2, and t2 are fixed while t1 is allowed to vary, the resulting time dependent

interference pattern is the expected “beat frequency” ∆Ω associated with interference of the

incident and reflected particle substates (the superposition of states with different energies).

If instead, x1, x2, and t1 are fixed while t2 is allowed to vary, the “beat frequency” that

associated with superposing mirror substates differing in energy. These beat frequencies

are identical due to the same energy being exchanged between the particle and mirror in

reflection and are given by

∆Ω =
mM(v − V )(mv +MV )

h̄(m+M)2
≈ m(v − V )V

h̄
(3.11)

where the approximation is for m/M << 1. The approximate result is determined only by

the particle mass.

3.3 Wavegroups

To better understand the experimental consequences of these results, wavegroups are next

formed from a superposition of the incident and reflected harmonic states (given in Equation

3.6) expressed in terms of the particle and mirror subsystems. An analytic expression for

such wavegroups can be obtained from a gaussian distribution of wavevector components k
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and K (e.g. for the mirror this is proportional to exp[−(K −K0)
2]/(2∆K2) where the peak

of the distribution is at K0 and ∆K is the width).

3.4 Results

The “Doppler shift” for the mirror given in Equation 3.11 is illustrated for wavegroups

by starting with a plot of a slice of Figure 2.1 for x1 = 0 and t1 = t2 = 0 along the x2

coordinate as the leftmost graph. Graphs toward the right progressively increase t2 by 0.04τ

while all other parameters remain fixed.

Figure 3.1: The “Doppler” shift is illustrated for x1 = 0 and t1 = 0 as a plot of the PDF
vs. x2 starting with t2 = 0 (which is a slice of Figure 2.1) as the leftmost plot and then
progressively increasing t2 by 0.04τ in the plots toward the right.
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The differences between simultaneous and non-simultaneous measurements of positions

are a consequence of fixing terms in the phase which are proportional to t1 while allowing

the time evolution of terms proportional to t2 until a measurement is made of the mirror

position. To illustrate these differences, beyond that of the “Doppler” shift, two regimes are

considered next. In regime A, measurement of the particle occurs in the space time region

where the incident and reflected wavegroups do not overlap. In regime B measurement of the

particle occurs in the spacetime region where the interference shown in Figure 2.1 occurs.

In both regimes the constraints are: the measurement of the mirror occurs after that of

the particle, the position measurements cannot determine directional motion, and once the

particle has been measured no interaction occurs with the mirror since that would generate

further correlations.

PDF results for regime A are shown as the dashed lines in Figure 3.2. At fixed values of

x1 = 0, t1 = τ , chosen so that the incident and reflected wavegroups do not overlap, there

are three snapshots in t2 = (τ, 2τ, 3τ) shown for the same particle and mirror parameters

used in Figure 2.1. Since x1, t1 are fixed, these plots are related to slices of the PDF function

shown in Figure 2.1 at fixed x1 = 0 plotted along the x2 coordinate for each snapshot at

time t2. For comparison, slices of Figure 2.1 for x1 = 0 and t2 = t1 = (τ, 2τ, 3τ) are included

in 2 as the solid lines. The dashed and solid lines therefore overlap for the t1 = τ plot.

The simultaneous PDF decays in time faster because now t1 varies at fixed x1, allowing the

particle wavegroup substate to move away from x1 rather than having x1 and t1 fixed as it

is in regime A.

PDF results for regime B are shown as the dashed lines in Figure 3.3 and Figure 3.4. At

fixed values of x1 = 0, t1 = 0, chosen so that the incident and reflected wavegroups overlap

when the particle is measured, there are three snapshots in t2 = (0, τ, 2τ) shown for the

same particle and mirror parameters used in Figure 2.1 with the exception that in Figure 2.1

M/m = 80 (to simplify the interference pattern) while in Figure 3.4 M/m = 3 and K/k = 6.

These plots are again related to slices of the PDF function shown in Figure 2.1 at fixed x1
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Figure 3.2: PDF plots for regime A (dashed lines) with x1 = 0, t1 = τ and simultaneous
snapshots with x1 = 0, t2 = t1 (solid lines) for sequential times t2 = (τ, 2τ, 3τ) vs coordinate
x2.
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plotted along the x2 coordinate for each snapshot at times t2 = (0, τ, 2τ). Again, to directly

relate these slices to Figure 2.1, figs. Figure 3.3 and Figure 3.4 also include the PDF results

with the same value of x1 = 0 for simultaneous measurements at times t2 = t1 = (0, τ, 2τ)

as the solid lines. The dashed and solid lines again overlap for the t2 = 0 plot.

In Figure 3.3 the interference effects on the PDF continue well beyond the space time

region of overlap for the incident and reflected wavegoups shown in Figure 2.1. This is most

easily understood by considering the results shown in Figure 3.4 where the mirror’s mass and

wavevector are reduced by factors of 27 (resulting in a mirror mass three times larger than

that of the particle) and 100 respectively. In regime B the particle position is measured in

the space time interference region of Figure 2.1 but the direction of the particle is unknown.

There are then two indistinguishable ways that the particle could have reached this position.

It could have come from the incident or reflected particle wavegroup substates. This lack

of knowledge about the particle is manifest in the mirror wavegroup substate which then

consists of a superposition in which the mirror has yet to reflect and has already reflected

the particle. These two mirror substates are spatially separated in Figure 3.4 while they

overlap in Figure 3.3 (due to the more massive mirror) leading to the interference shown in

Figure 3.3.

The bimodal PDF shown in Figure 3.4 disappears under simultaneous measurement for

t1 = t2 = (τ, 2τ) since at these times the incident and reflected wavegroups do not overlap

(are at the upper snapshot of Figure 2.1 or beyond). A measurement of the particle at these

space time points must then be associated with it having reflected from the mirror. Therefore

only one mirror substate wavegroup exists and the mirror recoil causes this to coincide with

the forward of two peaks shown in Figure 3.4.

While small coherence lengths make experimental verification of the predicitons in Fig-

ure 2.1 difficult, the results shown in Figure 3.1, Figure 3.3, and Figure 3.4 demonstrate the

robust nature of the non-synchronous correlation (apart from decoherence effects). Experi-

mental verification of such a correlation offers simplicity over that of a division of amplitude
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Figure 3.3: PDF plots for regime A (dashed lines) with x1 = 0, t1 = 0 and simultaneous
snapshots with x1 = 0, t2 = t1 (solid lines) for sequential times t2 = (0, τ, 2τ) vs coordinates
x2.
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Figure 3.4: The same parameters as in Figure 3.3 except that the mirror’s mass and wavevec-
tor are reduced by factors of 27 and 100 respectively.
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or a division of wavefront interferometer where alignment and path differences need to be

carefully matched for interference to be manifest.

Nevertheless, we consider next a division of amplitude interferometer in which two such

particle-mirror correlated states are superposed. A simple example is in retro-reflection

from each of the two surfaces of a moving slab, a realization of which is the neutron Fizeau

effect.[22] Each weak surface reflection can be modeled as a delta function potential, both

fixed to and symmetrically offset from the center of mass of the “slab” by distance D, with

multiple reflections neglected. Modifying β to split rather than totally reflect the incident

wave while including an offset in the delta function argument yields the two-particle reflected

wavefunctions.

If the fringe visibility function for the resulting interference is non-zero, as it is when

the reflected neutron substate wavegroups overlap, then the interference is determined pre-

dominately by a superposition of harmonic waves [23] (e.g. interference in 1 is determined

predominately by Equation 3.9 when the wavegroups overlap). Narrow bandwidth wave-

groups (where dispersion in reflection can be neglected), of spatial width w which sat-

isfy w >> D, result in a constant two-particle reflected joint probability density P ∝

4 sin2[2DmM(V − v)/h̄(m + M)]. Observation of such a correlation is neither confined

to the interaction region nor depends on a difference in the times of measurement of the

particle and mirror since it is independent of spatial and temporal coordinates. To mea-

sure such an effect, the correlation must not decohere between the times of reflection and

measurement. One-particle interference, obtained by averaging P over the slab’s center of

mass coordinate, does not eliminate the interference. A microscopic example is found in the

Ramsauer effect where only the electron is measured.

In another example, a Mach-Zehnder neutron interferometer at rest [24] could have its

two beam splitters and one mirror constructed from a single crystal of silicon (MZM) with

the second mirror detached (DM). In a simple 1-D model of the resulting interference, the

neutron which is split at the input port could either become correlated with the center of
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mass of MZM along one path or with the center of mass of DM along the other. A correlated

particle-mirror state describes each path yet their superposition results in a three particle

state since the neutron is common to the two interfering states. Destructive interference is

then manifest in no observation of the neutron at the interferometer output port coincident

with no observation at particular center of mass locations of MZM and DM. There is now

a large spatial separation between the three apparatus needed to simultaneously measure the

neutron at the output port and the center of mass locations of MZM and DM. However, the

fringe spacing now depends not only on the difference in particle phases along the two paths

but also differences in phases associated with DM and MZM. Unless these macroscopic

“mirrors” move at small speeds, the interference fringes are imperceptible due to these large

mirror masses. If MZM and DM are attached to each other (share a common center of

mass), and their center of mass is not measured then this yields the expected one-particle

neutron interference.

We have shown that reflection of a microscopic particle from a macroscopic mirror leads

to correlated particle-mirror interference effects which are essentially determined by the mass

of the microscopic particle and result in fringe spacings for the mirror which are enhanced in

comparison with that of one-particle interference. A mechanism for transferring coherence

from the particle to the mirror has also been presented. Some issues of implementation

have been discussed including the superposition of multiple two-particle state reflections

to generate spatially separated interference in the correlation of particle-mirror positions.

These results, although far from being comprehensive, indicate a potential direction for

further research in extending the quantum-classical boundary to larger masses.
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CHAPTER 4

CONCLUSION

Considering only the case of simultaneous measurement, two important features result.

First, we see robust interference effects in the correlated measurement of the position of the

particle and the position of the mirror. The interference effects seen in this simple system

are not dependent on division of amplitude or division of wavefronts. Thus path lengths do

not need to be matched, nor are there alignment issues.

The fringe spacing of the interference of the mirror with itself in the macroscopic limit

is dependent inversely on the mass of the particle reflecting from the mirror, but not on the

mass of the mirror itself. This sits in contrast to double slit interferometers, where the fringe

spacing is always inversely dependent on the mass of the interfering particle.

The second important feature of the case of simultaneous measurement is coherence

transfer due to reflection. The reflection of the particle from the mirror results in a reciprocal

transfer of coherence between the particle and the mirror. This is consistent with the notion

of wave-particle duality manifested in elastic collisions.

In order to better analyze the system by allowing non-simultaneous measurements, we

need to extend our mathematical machinery. By extending our tools by adding in multiple

time parameters to Schrödinger’s equation, we were able to examine the system with non-

simultaneous measurements while deriving a doppler shift for both the particle and the

mirror from which it reflects.
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