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Quantum state exchange between light and matter is an important ingredient for future quantum information
networks as well as other applications. Photons are the fastest and simplest carriers of information for trans-
mission but in general, it is difficult to localize and store photons, so usually one prefers choosing matter as
quantum memory elements. Macroscopic superposition and nonlocal quantum interactions have received con-
siderable interest for this purpose over recent years in fields ranging from quantum computers to cryptography,
in addition to providing major insights into physical laws. However, these experiments are generally performed
either with equipment or under conditions that are unrealistic for practical applications. Ideally, the two can be
combined using conventional equipment and conditions to generate a “quantum teleportation”-like state, par-
ticularly with a very small amount of purity existing in an overall highly mixed thermal state �relatively low
decoherence at high temperatures�. In this study we used an experimental design to demonstrate these prin-
ciples. We performed optical coherence tomography �OCT� using a thermal source at room temperatures of a
specifically designed target in the sample arm. Here, position uncertainty �i.e., dispersion� was induced in the
reference arm. In the sample arm �target� we placed two glass plates separated by a different medium while
altering position uncertainty in the reference arm. This resulted in a chirped signal between the glass plate
reflective surfaces in the combined interferogram. The chirping frequency, as measured by the fast Fourier
transform �FFT�, varies with the medium between the plates, which is a nonclassical phenomenon. These
results are statistically significant and occur from a superposition between the glass surface and the medium
with increasing position uncertainty, a true quantum-mechanical phenomenon produced by photon pressure
from two-photon interference. The differences in chirping frequency with medium disappears when second-
order correlations are removed by dual balanced detection, confirming the proposed mechanism. We demon-
strated that increasing position uncertainty at one site leads to position uncertainty �quantum position prob-
ability amplitude� nonlocally via second-order correlations �two-photon probability amplitude� from a low
coherence thermal source �low purity, high local entropy�. The implications, first, are that the phenomenon
cannot be explained through classical mechanisms but can be explained within the context of quantum me-
chanics, particularly relevant to the second-order correlations where controversy exists. More specifically, we
provide the theoretical framework that these results indicate a nonlocal macroscopic superposition is occurring
through a two-photon probability amplitude-induced increase in the target position probability amplitude
uncertainty. In addition, as the experiments were performed with a classical source at room temperature, it
supports both the quantum-mechanical properties of second-order correlations and that macroscopic superpo-
sition is obtainable in a target not in a single coherent state �mixed state�. Future work will focus on general-
izing the observations outside the current experimental design and creating embodiments that allow practical
application of the phenomenon.
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INTRODUCTION

Macroscopic superposition and nonlocality, particularly
through the two-photon probability amplitude, have gener-
ated considerable interest in recent years due to their rel-
evance in such diverse areas as telecommunication, cryptog-
raphy, computers, metrology, and medicine. Macroscopic
superposition, the production of a so-called “Schrödinger
cat” state, has now been achieved with such diverse objects
as atoms �1�, molecules �2�, current states �3�, mirrors �4,5�,
and amplitude-dispersed photons �6�. However, the majority
of macroscopic superposition experiments are performed

with relatively complex system designs and well below room
temperature. This limits their use for practical applications.
Ideally, the two can be combined using conventional equip-
ment and conditions to generate a “quantum teleportation”-
like state, particularly with a very small amount of purity and
high entropy existing in an overall �7� very highly mixed
thermal state of the target.

Nonlocal quantum phenomenon, particularly entangled
states and/or thermal two-photon probability amplitudes,
have also generated considerable interest over recent years
stemming from such seminal work as the Einstein, Podolsky,
Rosen �EPR� thought experiment and Bell’s inequality to
current studies on second-order correlations �8–11�. This has
ranged from quantum imaging to quantum computers and
cryptography �12–17�. However, the majority of entangle-
ment experiments are performed with low intensity, complex
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quantum sources such as those that operate through sponta-
neous parametric down conversion �SPDC� �12,18�. How-
ever, recently the potential of thermal sources, operating
through second-order correlations, has been examined for
producing nonlocal effects �19–22�. While the effects seen in
some studies using second-order correlations, particularly
those in the field of ghost imaging, have been disputed as
classical versus quantum mechanical in nature; others have
clear quantum origins �10,11,23,24�. Examples where quan-
tum effects are noted with a thermal source include resonant
interaction with two-level atoms, entanglement of an arbi-
trarily large mixed state with a single qubit in a pure state,
and the transfer of a qubit entanglement to the entanglement
between thermal and vacuum states �19,25–27�. Further-
more, evidence supports that nonlocal interactions can occur
with mixed states even in the setting of high entropy, which
will be demonstrated in the experiment �28,29�.

As stated, many areas of science and engineering would
benefit from combining macroscopic superposition and non-
locality, such as the correction of quantum computer errors
�22,30,31�. Photons are the fastest and simplest carriers of
information for transmission but, in general, it is difficult to
localize and store photons, so usually one prefers choosing
matter as quantum memory or storage elements. With the
combination, quantum information can be transferred com-
pletely, through superposition and nonlocality, potentially
with no decoherence, from one object to another �30–34�.
The ability to perform quantum teleportation-like behavior,
particularly at room temperature with a thermal source, could
be a powerful advance for a wide range of fields in which
quantum information transfer would be useful. In this work,
we examine this phenomenon using a specifically designed
target and an optical coherence tomography �OCT� system
with precise dispersion control �phase and envelope� of the
probability amplitude.

OCT is based on low coherence interferometry, and is
currently being used for a wide range of applications
�35–37�. OCT is analogous to ultrasound, measuring the
back reflection of infrared light rather than sound. Most sys-
tems utilize a Michelson interferometer and a low coherent
thermal source. The technique allows micron scale ranging
in real time. In addition, the system chosen here had a
grating-based delay line that allowed manipulation of the
phase and envelope of the probability amplitude.

In this study, we examine nonlocal position uncertainty
changes �increased quantum position probability amplitude�
transfer using second-order correlations via a two-photon
probability amplitude. To achieve this, dispersion �and there-
fore position uncertainty� is induced with the reference arm
chosen for phase and envelope control. The sample arm tar-
get �optimized for this experiment� consists of two reflecting
surfaces, separated by a medium of different refractive indi-
ces, which are imaged as dispersion is varied in the reference
arm. Changing the degree of dispersion in the reference arm
results in varying chirping in the interferogram. The spatial
frequency of the chirping is measured by performing a fast
Fourier transform �FFT� on the interferogram. Classically,
the spatial frequency of chirping between the two targets in
the sample arm would be unaffected by the medium present
in between. Comparisons of data obtained from either a

single detector or a dual balanced detector OCT system, the
latter of which was designed to reduce second-order correla-
tions, is examined to determine mechanisms behind results
that deviate from classical predictions. The implications of
these results are dealt with in the Discussion.

METHODS

In Fig. 1, we demonstrate the two configurations of the
fiber-based OCT systems used for interferogram detection.
Figure 1�a� depicts the schematics of the single-detector
OCT setup, and Fig. 1�b� shows the dual-balanced-detector
OCT setup. In either setup, a wideband light source �AFC,
Toronto, Canada� is used with a central wavelength of
�1310 nm and �60 nm full-width-half-maximum �FWHM�
bandwidth. Vacuum fluctuations enter through the exit port
of the beam splitter, the potential significance of which is
discussed below �25�. For dual balanced detection, which is
designed to substantially reduce second-order correlations,
all the return beams recombine at both exit ports of the cou-
pler 1 to construct two channels of identical interferograms
but 180° out of phase �38�.

As stated, we induced position uncertainty in the refer-
ence arm through a grating-based delay line, which is shown
in Fig. 2 �39�. Here, the collimated incident light beam is
projected to a diffractive grating with an entrance angle �i.

(b)

(a)

FIG. 1. Diagrams of two configurations of the fiber-based OCT
systems: �a� the single-detector OCT setup and �b� the dual-
balanced-detector OCT setup. The latter is used to remove second-
order correlations.
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Due to the broadband nature of the light source, each spectral
component of the beam with wavelength � is dispersed spa-
tially with diffractive angle ��. Light is then projected to a
mirror through a lens and reflected to the grating. As the
mirror is located in the focal plane of the lens, the different
wavelength components exit in the reverse direction of the
incident light with a wavelength-dependent linear phase
ramp. The tilting angle of grating’s normal with respect to
the optical axis is represented as �0. The distance between
the incident point of the grating and the lens is L. The focal
length of the lens is f . A second mirror, labeled DPM for
double pass mirror, is employed in the system as a “double
pass” optical delay line. This optical delay line is based on
Fourier transform pulse-shaping techniques. By tilting the
mirror, different linear phase ramps are introduced. Because
of the Fourier relationship, a linear phase ramp in the fre-
quency domain results in an optical group delay in the time
domain. This delay line is able to scan several millimeters
with repetition rates of several kHz and allows independent
control of phase and group delay.

For such a setup, the equivalent group velocity dispersion
�GVD� is formulated as �40�

GVD = − 2m2�0
3�L − f�/�c2d2 cos �0, �1�

where d is the grating spacing and m is the diffraction order
used in the delay line. If the grating is placed at a point other
than the focal point of the lens, in other words, �L− f� is
nonzero, a GVD in the reference arm is induced and is vari-
ant with L �i.e., increased uncertainty�.

The sample arm target was specifically chosen to study
the physical principles relevant to this manuscript, as will
become apparent. The sample arm configuration is shown in
Fig. 3. The thickness of the glass slides, which are in a
wedge shape, are large ��1 mm� compared to that of the gap
�15–40 �m optical distance�. Therefore, only the two gap

interfaces show up as reflections. Along the paper plane, the
thickness of the gap varies continuously as the existence of
the angle �. This angle is 0.6° to maintain a 1000:1 horizon-
tal to vertical ratio. In other words, if the stage translates
about 1 mm horizontally the distance of the gap changes
1 �m. With tiny angle �, the incident light beam is nearly
perpendicular to the interfaces. The glass slides are on a
three-dimensional movable stage with 0.1 �m resolution.

We obtain measurements of a medium of three different
group refractive indices, air �1.00�, water �1.34�, and oil
�1.68� in the gap region by an investigator blinded to the
hypothesis. The optical group refractive indices are con-
firmed by previously described methods �41�. A scans are
obtained at optical distances of 15, 20, 30, and 40 �m for all
three mediums. The 15 �m point is chosen rather than
10 �m as the theoretical and measured resolution of the
source is 12.2 �m in air. At each gap distance, we perform
displacement of the mirror in the reference arm from
0 to 3 cm at increments of 0.5 cm. A 1 cm displacement cor-
responds to a theoretical classical point spread function
�PSF� of 66.7 um while 2 cm displacement would be
133.4 �m �40,42�. As the mirror is displaced, each peak in
the A scan interferogram widens until chirping occurs. The
FFT is measured for each A-scan and plots are made of spa-
tial frequency against displacement. The same experiment is
done with both single-detector and dual-detector OCT sys-
tem setups to study the possible difference in susceptibility
to the medium. A total of six trials at all combinations were
performed, all on separate days.

Unfortunately, the literature tends to focus on dispersion
of the envelope and neglects variations of k in the time or
spatial domain. The equation that describes the classically
dispersed interference signal �both envelope and phase� is
therefore derived in Appendix A as follows:

I��z� � IR + IS +
I0

2
pRpS cos�2�n�k0�k0�z + C��

�exp�−
4 ln 2n2�k0��z2

�l�
2 	
 . �2�

The most critical term here is the C, which classically is a
constant and contains 2�n��k0�zR. Other terms are defined in
Appendix A. A linear phase variation is assumed here for
simplicity but other frequency variations are equally valid.
This represents the frequency variation within the envelope.
It may be seen here and in the Appendix that the nonlocal
macroscopic superposition between the medium and reflect-
ing surface cannot be explained classically if it is dependent
on the medium between reflectors.

Dr. Liu, who performed all experiments, was blinded to
the hypothesis. Averages and standard deviations were taken
of all six trials at each dispersion displacement with each
medium. Data from each medium is compared using
ANOVA with parametric methods assuming p	0.05 is sig-
nificant.

RESULTS

In Fig. 4, we show example A scans and FFTs. The top is
a separation of the two glass plates by 30 �m where there is

FIG. 2. Schematics of a grating-based optical delay line.

FIG. 3. Configuration scheme of the sample arm, in which the
optical-distance light travels as well as the medium type is
controllable.
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no displacement of the mirror in the reference arm �0 disper-
sion�. It is demonstrated that no well-defined peak is noted in
the FFT from the separation of the two slides. In the lower
figures, the glass plates are again separated by 30 �m, but
the grating in the reference arm is displaced 3 cm. It can be
seen in the A scan that the signal is now chirped, with its
spatial frequency identified by the arrow in the FFT.

In Fig. 5�a�, we perform plots of the reference arm dis-
placement versus FFT with lipid being compared to air in the
sample arm. The left column is single-detector measurements
while the right sample arm target is performed with a dual
detector OCT system. Individual graphs represent different
gap widths imaged through �as marked�. It should be noted
that, in the single-detector measurements, statistically sig-
nificant differences exist between lipid and water in the re-
gion where chirping initiation is occurring �1–2 cm dis-
placement�. At points with no chirping �	1 cm
displacement�, no difference exists between the air and oil as
expected. Similarly, with displacements greater than 2.5 cm,
which corresponds to a classical PSF greater than 165 �m,
the vast majority of the returning sample arm signal is from
the glass slide �2 mm in diameter versus a maximum 40 �m
gap width� so no difference is noted. When dual-balanced
detection is performed, in contrast, no statistically significant
difference among mediums under any condition is noted.

Figure 5�b� demonstrates a similar comparison between wa-
ter and air, with a lower refractive index mismatch than the
lipid and air. Although a trend exists similar to that for lipid,
only one point is statistically significant. Again, no effect is
noted when dual-balanced detection was utilized.

Gap sizes of 40 �m or greater were not examined because
more than one spatial frequency was noted in the FFT �ar-
rows�. This is seen in Fig. 6 where the arrows delineate two
relatively large spatial frequencies in the FFT, in addition to
multiple smaller ones. These greater gap sizes are not ame-
nable to the single-frequency approach in Fig. 5, nor are they
necessary to test the hypothesis.

DISCUSSION

This study demonstrates that macroscopic superposition,
at room temperature �mixed target state� using a conven-
tional thermal source �low purity�, can be induced through
nonlocal manipulation of the two-photon probability ampli-
tude �second-order correlations�. The design of this experi-
ment, particularly target and delay line configuration, dem-
onstrates several observations of substantial significance that
are theoretically modeled in the discussion below. First, con-
troversy exists as to whether certain effects of second-order
correlations are classical or quantum mechanical in origin, in
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FIG. 4. Example A scans and FFTs of the sample with different dispersions in the reference arm. The top is a separation of the two glass
plates by 30 �m where there is no displacement of the grating in the reference arm �0 dispersion�. It can be seen that only a diffuse peak
from the separation of the two slides is noted in the FFT. In the lower figures, the glass plates are again separated by 30 �m, but the grating
in the reference arm is displaced 3 cm. It can be seen in the A scan that the signal is now chirped, with its spatial frequency identified by the
arrow in the FFT.
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FIG. 5. �Color� Plots of peak spatial frequency versus reference arm displacement, with 15 �m, 20 �m and 30 �m optical-distance
separation, respectively. �a� Plots for lipid and �b� plots for water, being compared to air in the sample arm. The left column is single-detector
measurements while the right is performed with dual-detector measurements. Classically, the curves should be identical. In the figures * is
p	0.05, ** is p	0.01, and *** is p=0.05.
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spite of several recent theoretical papers convincingly sup-
porting the latter �10,11,23,24�. With the design of the ex-
perimental setup in this paper, the results are easily explain-
able within the framework of quantum mechanics. However,
classical optics fails to provide an adequate explanation. Sec-
ond, the nonlocal macroscopic superposition was produced
utilizing a thermal source, both supporting the nonclassical
properties of the two-photon probability amplitude and that
these observations are achievable at low purity. Third, the
experiments were done at room temperature, requiring no
“exotic” experimental setup and demonstrating the target
does not need to be in a single coherent state. Fourth, the fact
that quantum phenomenon could be demonstrated at room
temperature demonstrates a relative stability from decoher-
ence. Finally, the end result was a system where photons
were used to nonlocally “transmit” quantum-mechanical
properties while the storage was achievable in macroscopic
superposition of the target, the advantages of which are dis-
cussed in the Introduction.

Macroscopic quantum interference between surfaces has
been previously described with OCT, albeit using a SPDC
source among other differences. A group from Boston Uni-
versity using SPDC photons have noted a peak between two
silica plates, which they referred to as quantum cross inter-
ference �43,44�. This peak can be positive or negative, de-
pending on the experimental conditions. When a dispersive
element was placed in the sample arm, they noted broaden-
ing of this peak, but not the peaks representing the silica
surface. There are at least four important distinctions be-
tween their work and the data presented in this paper. First,
dispersion is produced in our work nonlocally by manipula-
tion in the reference arm rather than a dispersive element in
the sample arm. Second, superposition is observed with a
thermal source �i.e., conventional OCT system� rather than
through SPDC. Third, target design, along with use of a ther-
mal source and grating-based delay line, was such that it
allowed the demonstration that the second-order correlations
exhibited effects that could not be explained classically.
Fourth, interface broadening was not seen in their experi-
mental design �related to the use of a SPDC source�.

The experimental setup in this paper in the near field is
similar to recent “ghost imaging” experiments as opposed to
earlier Hanbury Brown Twiss �HBT� experiments that are
performed in the far field. A low coherence interferometer

�OCT� was used with a precision dispersion control delay
line in the reference arm while the target in the sample arm
was two silica plates separated by a medium of varying re-
fractive index. As dispersion was induced in the reference
arm, broadening of the two silica interfaces occurred in the A
scans with chirping in the interferogram. The induction of
chirping in and of itself, or the varying of chirping frequency,
can be described by classical optics and is particularly sen-
sitive to the phase asymmetry, in addition to envelope broad-
ening, which develops in the autocorrelation function, the
relevance of which is discussed below. However, the chirp-
ing frequency was sensitive to the medium between the two
silica plates in the sample arm where no dispersive element
was present. The implications of this observation are that
nonlocal induction of macroscopic superposition and in-
creased uncertainty in the position probability amplitude has
occurred. The mechanism allowing the nonlocal nature of the
results is dispersion of the two-photon probability amplitude.
This mechanism is supported by the fact that the phenom-
enon could be completely eliminated with dual-balanced de-
tection, which removes second-order correlation �Appendix
B�.

The effects of first-order correlations seen in this paper
have been previously described in detail and are the basis of
OCT imaging, which relies predominantly on classical phys-
ics. However, modeling of the dispersion phase asymmetry
from the grating-based delay line, which is described in Ap-
pendix A, has not been previously described. While it can be
completely described with classical optics, its derivation was
necessary for discussing two-photon probability amplitude
dispersion, a quantum-mechanical entity with no classical
analog. The phase asymmetry is modeled most prominently
in the C term, which here is taken as a linear phase ramp of
the form 2�n��k0�zR as well as containing the full width at
half maximum of the broadened envelope �l�. Therefore,
other than the derivation in Appendix A and the reference
arm dispersion, the physical principles behind low coherence
interferomtery with first-order correlations are not discussed
in detail.

The quantum-mechanical basis for observations seen in
these experiments are initially modeled separately in parts of
the interferometer with descriptions of grating-based line dis-
persion, the induction of increased position probability am-
plitude by photon pressure from second-order correlations,

FIG. 6. The A scan and its FFT of a 40 �m optical-distance gap with the reference arm displacement of 2.5 cm. Multiple peaks are noted,
making it unusable for evaluation in Fig. 5.
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the nonlocal properties of the two-photon probability ampli-
tude, and theory behind dual-balanced detection. These
“components” are brought together in a total coherent super-
position. Other approaches, that could have been taken to
model these observations include a Gaussian-state frame-
work �phase insensitive autocorrelation function, phase sen-
sitive cross correlation function, and phase insensitive cross
correlation function with proper versus improper P represen-
tations� or a many-particle Bose gas �although the lack of
vacuum fluctuations may need to be accounted for� analo-
gous to a set of quantized harmonic oscillators. Neither of
these approaches are undertaken here, though parts of the
latter are used below.

Target design is critical to the experiment. As stated, the
target consists of two silica plates separated by three differ-
ent mediums. In the final theoretical derivation below, this
target is going to viewed as a thermally mixed collection of
quantum-mechanical harmonic oscillators. However, to build
this framework, we will leverage modeling done with some
recent work studying macroscopic superposition with a fixed
mirror and movable mirror �oscillating� and a single photon
that forms a coherent state between them �4,5,45–49�. The
coupling is achieved through photon pressure and it seems
that leveraging the modeling off this heavily studied area is
the most straightforward approach. However, the experi-
ments are generally done with relatively complex experimen-
tal designs, single photons, and temperatures well below
room temperature, which is not the case in the experiments
described in this paper. The use of extremely low tempera-
tures increases the viability of representing the oscillator mir-
ror as a single harmonic oscillatory, but the current work and
theoretical work of others shows that superposition and sys-
tem coherence is achievable with a target or field in a mixed
thermal state. Nevertheless, the use of this model initially
gives a relatively straightforward representation for under-
standing how photon pressure can result in position uncer-
tainty in the harmonic oscillator. When this model is ex-
tended to the approach used in this experiment, the mirror as
the oscillator will be replaced by a collection of harmonic
oscillators constituting the target, and the single photon will
be replaced by two photons of varying frequency composi-
tion and phase. As the two photons become dispersed via
manipulations in the reference arm, position uncertainty in-
creases through alterations in the photon pressure spatial dis-
tribution and phase.

In using the two mirrors and single photon described in
the previous paragraph, we are primarily interested in gener-
ating the coupling constant G, the baseline position uncer-
tainty of the mirror 
, and � the maximum displacement of
the mirrors center of mass in units of the size of ground-state
uncertainty. The radiation pressure is the force per unit area
and is given by hk /2�. As with the previous publications
using the two mirrors and the photon, the distinction between
momentum, pseudomentum, and wave momentum in the ma-
terial is ignored as it does not add to understanding of the
model but for those interested, the topic has been treated in
great detail elsewhere �50�. The mirror and later the quantum
harmonic oscillators will increase or decrease energy levels
in units of phonons �bosons�. The most commonly used
Hamiltonian �here with phase modification� describing the

coherent state of the two mirrors and photon is

Ĥk = �k�aA
†aAei�k +

1

2
� + �m�b†b +

1

2
�

− �GaA
†aAeia�k�b + b†� . �3�

The first term of the Hamiltonian represents the free photon
where k is the photon angular frequency and a†a represents
the creation or annihilation operators of the photon in normal
ordering. The term ei�k has been added here to improve un-
derstanding of the physics, which for a single photon is a
trivial term, but when we move to a broadband dispersed
two-photon probability amplitude becomes important in un-
derstanding observed physical phenomenon �placed here for
illustrative purposes�. It is added here to emphasize the phase
sensitivity but will be moved into the coupling term later in
the derivation. The second term represents the state of the
mirror without interaction with the photon where M �for
mirror of mass M�, b†b are the creation or annihilation op-
erators for the phonons, and 1 /2 represents the fact the low-
est energy level is nonzero. The third term couples the oscil-
latory mirror and photon where G is the coupling term given
by

G =
k
0

L
, �4�

and 
0 is the baseline mirror or oscillator uncertainty, which
equals �de Broglie wavelength�


0 = � �

2mm
�1/2

. �5�

The normalized state of the mirror �i� has an amplitude of

�i� = ��1 − eimt� = � �k
2

2mmL
��1 − eimt� . �6�

Again the parameter � quantifies the displacement or uncer-
tainty of the mirror in units of the ground-state uncertainty of
the mirror to that perturbed by the photon�s� and is given by

� =
G

m
=

k


mL
=

k

mL
� �

2mm
�1/2

= � �k
2

2mmL
�1/2

. �7�

It links the unperturbed mirror uncertainty to the perturbed
uncertainty induced by the photon. The critical point here is
that, as k increases with either increasing the bandwidth or
the phase varies among different k values, the amplitude of
the state of the mirror increases �position uncertainty ampli-
tude�. Then � and G become

� =� ��k
2ei�k

2mL
�d, G =� k
0ei�k

L
d . �8�

The Hamiltonian now becomes

Ĥk = �k�aA
†aAei�k +

1

2
� + �m�b†b +

1

2
� − �GaA

†aA�b + b†� .

�9�

NONLOCAL QUANTUM MACROSCOPIC SUPERPOSITION IN… PHYSICAL REVIEW A 78, 063824 �2008�

063824-7



In the previous discussion representative of derivations
from several publications, the coherent state superposition
was done such that the mirror was treated as a single har-
monic oscillator �45–49�. Experiments were performed at ex-
tremely low temperatures to reduce the number of excitation
states �Boltzmann distribution�. However, the mirror, or in
this case of the current experiment, the entire target can be
treated as consisting of many oscillators at different energy
levels without loss of utility of the model. In other words, a
mixed thermal state can be in a macroscopic superposition
and it is not required that the macroscopic object be in a
single coherent condition. So, extending this to the target in
the experiment, both the glass and medium are viewed as
consisting of harmonic oscillators with varying M and M
�reduced mass�, as well as varying “spring constants.” At
baseline, without two-photon stimulation, the uncertainties
are assumed to be small and the medium and silica bound-
aries sharp. However, with interaction with the broadband
two-photon probability amplitude, the broad number of os-
cillator frequencies and varying relative phase relationships
increases position uncertainty. Again, to simplify the physi-
cal representation without loss of validity of the model, for
descriptive purposes, we are going to take advantage of the
fact that a 1300 nm median wavelength was used in this
experiment. Generalizing, this is the wavelength region for
absorption of many strong molecular vibration modes so that
for the point of illustration, the classic oscillating weight on
a spring with different phases, reduced masses, and oscilla-
tory frequencies is useful. Put another way, the photon-
phonon interaction will be considered exclusively to occur in
molecular vibrational states without loss of viability of the
model. In addition, rather than a single photon, the target is
exposed to broadband low coherence light with varying dis-
persion �the separate treatment of first- and second-order cor-
relations will be dealt with later�.

Now focusing our attention on the grating-based delay
line, we and others have discussed the underlying physical
principles, which allow control of phase and group delay
�35�. These are not discussed here but have been described
elsewhere in detail. The equation that describes dispersion
production in the delay line is given in the methods section
without derivation �Eq. �1��. The dispersion is controlled by
the distance between the lens and grating. This dispersion
analysis has been extended in this paper �Appendix A� to
include carrier phase asymmetry that is necessary for de-
scribing chirping phenomenon. So, when L= f , no dispersion
occurs in the Gaussian spectrum. However, as this distance is
altered, dispersion is induced in the backreflected reference
arm light �and as we will see, the two-photon wave func-
tion�.

In modeling so far, we saw at the target in the sample arm
where photon pressure resulted in changes in position prob-
ability amplitude �a quantum-mechanical effect� and in the
reference arm the induction of dispersion via a grating-based
delay line. The latter was treated classically because for the
purposes of this experiment, we are only interested in

frequency-dependent phase shifts, broadening of the prob-
ability amplitude, and asymmetry in the carrier frequency
within the envelope, which can be directly applied to the
development of the two-photon probability amplitude. The
target and photon in the grating-based delay line will be
brought together through the second-order correlations, spe-
cifically a field of two-photon probability amplitudes of
varying k and phase values. Evidence for the role of the
two-photon or nonlocal effects come from the results of the
experiment indicating a measurable, statistically significant
superposition occurring between the medium and glass in the
sample arm as a function of dispersion induction in the ref-
erence arm. This phenomenon could be completely elimi-
nated by removal of second-order correlations with dual-
balanced detection. Both the removal with dual-balanced
detection and the nonlocal nature indicate the effect is not
due to first-order correlations and cannot be explained clas-
sically.

First-order correlations are a coherent effect of the electric
field. Until recently, it has been strongly argued that second-
order correlations were classical statistical correlations. But
the second-order correlation is a coherent effect of the two-
photon probability amplitude. In modeling the two-photon
probability amplitude, for simplicity, the photon is going to
be destroyed at the target and mirror �absorption�. The back-
reflection to the detector is not critical to the analysis except
a subsequent discussion of the dual-balanced detection. This
approach makes understanding the principles vastly easier
without loss of generality. From the quantum theory of pho-
todetection, where the mirror and target represent the photo-
detector, the second-order correlation function is given by

G�2��t1,r1;t2,r2� = Tr��̂E1
�−��t1,r1�E2

�−��t2,r2�E2
�+��t2,r2�E1

�+�

��t1,r1�� . �10�

Here Tr is the trace and p̂ is the density operator. The two

non-Hermitian operators Ê�+� and Ê�−� are the positive and
negative frequency components of the electric-field operator.
The electric-field operator can be expressed more explicitly
as

Ê�+��r,t� = �Ê�−��r,t��† = i�
0

+� � �k

2�0�
�1/2

ēkâk

�exp�i�nk · r − kt��dk . �11�

Here n is the composite refractive index of the superposition,
ēk is the polarization vector, v is the volume, and âk is the
annihilation operator. Equation �10� is modeling the second-
order correlations as an incoherent statistical mixture of two
photons with equal probability of having any momentum q
and q� �10�. Then the density operator of the second-order
correlations can be written as

�̂ � �
q

�
q�

1q1q�
��1q1q�

 . �12�

The spatial portion of the second-order correlation function
can be written using Eqs. �10� and �12� as �where x1 and x2
are the positions of the mirror and target� �10�
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G�2��x1;x2� = �
q,q�

�1q1q�E1
�−��x1�E2

�−��x2�E2
�+��x2�E1

�+��x1�1q1q��

= �
q,q�

�0E2
�+��x2�E1

�+��x1�1q1q��
2. �13�

The electric-field operator is now rewritten as

E� j
�+��xj� � �

q

f j�xj;q�â�q� . �14�

Here j=1 or 2 represent the sample arm or reference arm.
Here the annihilation operator corresponds to a given mode
and f�xj ;q� is a spatial distribution function. The f2 term
contains the dispersion variation. Now substituting the field
operators into Eq. �13�, the second-order correlation function
becomes

G�2��x1;x2� � �
q,q�

f2�x2;q�f1�x1;q�� + f2�x2;q��f1�x1;q�2.

�15�

The interference here is not due to the superposition of elec-
tromagnetic fields as in classical optics at a focal point in
space time. It is due to a superposition of the terms on the
right side of the summation. Equation �15�, which models the
results of this experiment, has no classical parallel and is the
basis of the nonlocality. Note that term containing the disper-
sion, f2, is inseparable from the f1 term. This equation can be
rewritten in terms of first-order correlation functions �though
it is a second-order effect� as follows:

G�2��x1;x2� � �
q

f1�x1;q�2�
q�

f2�x2;q��2

+ ��
q

f1
*�x1;q�f2�x2;q��2

= G11
�1��x1�G22

�1��x2�

+ G12
�1��x1;x2�2. �16�

The events are occurring at two independent locations even
though they are expressed in terms of first-order correlations.
An intriguing aspect of Eq. �16� is that the second term,
generated from thermal radiation, represents a coherent su-
perposition. This is consistent with arguments raised earlier
in the discussion that a coherent field is not necessary for
developing coherent superposition.

How the effect is removed by dual-balanced detection in-
volves two different concepts. The first and most obvious is
that the superposition is caused should be detected by the
second-order correlations as no difference occurs among the
medium when second-order correlations are removed from
detection �i.e., first-order correlations alone show no differ-
ence among the medium�. The quantum theory of dual-
balanced detection is described in Appendix B. But the sec-
ond point, which is more subtle but intriguing, is that the
superposition is not directly detected by the first-order corre-
lations as the effect is completely removed with dual-
balanced detection. Even though the superposition is being

caused by the second-order correlations, why are the first-
order correlations not detecting or ranging a superposition
�caused by two-photon probability amplitude� even when
dual-balanced detection is used �i.e., why is the effect com-
pletely removed�? If the superposition was caused by the
two-photon but the uncertain target position ranged by both
the first- and second-order correlations, then the effect would
not be completely removed by dual-balanced detection.
While photon statistics can be used to describe this phenom-
enon, simply viewing the bunched photons as intensity cor-
relation while viewing the first-order correlations as field
correlations is sufficient. The bunched photons again are in-
tensity correlations and are removed with dual-balanced de-
tection for reasons described in Appendix B. The first-order
correlations as a correlation in the electrical field are pre-
dominately not removed by dual-balanced detection. There-
fore, it can be envisioned that the superposition is maximum
when bunching is maximal �highest photon pressure� and
that these high uncertainty backreflected photons therefore
occur at relatively high concentrations at this time of maxi-
mal bunching. Then, there is a high correlation between the
concentration of photons which apply the photon pressure
and the backreflected signal leading to detection of increased
uncertainty.

How does the two-photon effect and photon pressure ef-
fect the chirping frequency of the OCT interferogram be-
tween two reflections? Before directly answering this ques-
tion, some discussion as to why chirping was studied is
warranted. Phase sensitive OCT, using the phase component
of the autocorrelation function in addition to the envelope,
theoretically has a superior sensitivity than measuring the
envelope alone. However, in practice, OCT system designs
sensitive to phase have been susceptible to artifacts such as
movement and angle changes �51–53�. Chirping is a direct
result of how phase overlap is occurring. This is the reason
this specific target was designed. Analyzing a chirped signal
between two reflectors at a fixed distance represents a dis-
tinct way from previous approaches for indirectly using
phase information, which avoids artifacts such as motion and
changing surface angle. This is supported by the extremely
low variability in measurements, made weeks apart, seen in
Figs. 5�a� and 5�b�, particularly those using dual-balanced
detection.

Second-order correlations show up in two ways in OCT
imaging. First, some groups have used entangled photons as
described above, generated from an SPDC source, to pro-
duce OCT images with very high resolutions, albeit at low
photon counts and long acquisition rates �43,44�. Second, it
is known that second-order correlations alter the traditional
OCT interferogram and are treated as a noise source, which
is why dual-balanced detection is now used in most conven-
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tional OCT systems. It is clear that both first-and second-
order correlations contribute to the interferogram; second-
order correlations can be used to improve sample
characterization or serve as a noise source. In this experi-
ment, the ability of the two-photon probability amplitude to
alter position probability amplitudes leads to varying overlap
between the two reflecting surfaces. Since this results in an
actual superposition between the medium and reflecting sur-
faces, and not just dispersion broadening occurring from
poor ranging by a broadened reference arm PSF, the medium
in-between the reflecting surfaces alters chirping frequency
through second-order correlations, a nonclassical phenom-
enon.

Similarities and differences in the properties of entangled
photons �SDPC� and second-order correlations �thermal
sources� are being studied extensively, including in the fields
of quantum and classical ghost imaging, interaction between
the mixed states and two-level atoms, and exchanges be-
tween mixed states, the vacuum state and qubit �12,22�. En-
tangled two-photon systems are generally characterized by
two peculiar properties: �1� coherent superposition of two-
photon amplitudes and �2� correlation in both momentum
and position variables. Making a distinction between the
two-photon probability amplitude and an entangled state is
not a focus of this paper. But the two-photon probability
amplitude in this experiment has quantum-mechanical prop-
erties, which cannot be derived classically, particularly non-
locality. One point should be raised for consideration regard-
ing vacuum fluctuations entering the exit port of the
interferometer and whether this alters the quantum effects of
second-order correlations. This work is somewhat related to
work that has similar theoretical implications including two-
level atom resonant interaction following entanglement, ar-
bitrarily large mixed states with small qubit in a pure state,
and the transfer of a qubit entanglement to the entanglement
between thermal and vacuum states �19,25–27�. For ex-
ample, with the resonant two-level atoms, this groups work
shows that a cavity field can evolve to a macroscopic super-
position through interaction with a resonant two-level atom
even if it is initially in a thermal state �19�. Returning to the
vacuum fluctuations at the exit port, in the classic HBT ex-
periments, the target is before the beam splitter, but here, like
in ghost imaging studies, the target is in the near field. That
means second-order correlations interact with vacuum fluc-
tuations in the beam splitter. There remains the possibility
that this interaction increases the ability of second-order cor-
relations to demonstrate nonlocal phenomenon �25�. Whether
this is an actual phenomenon that alters the properties of
second-order correlations and contributes to the quantum
controversy remains the source of future investigation. In
particular, in the work examining the interaction of vacuum
fluctuation at the beam splitter �which is distal to the target�,
the entanglement property can be seen in the similarity be-
tween Eq. �9� and Eq. �11� �25�. From this study, two impor-
tant factors are necessary. The first is that the source is op-
erating at relatively high intensity �i.e., not in photon
counting range� with high photon excess noise. This allevi-
ates any controversy when working in the photon counting
range. High entropy is not an issue as discussed above. The
second is that the target, in contrast to a Brown-Twiss inter-

ferometer, is after the beam splitter, allowing the intense
thermal beam to interact with the vacuum fluctuations enter-
ing the exit port. Both of these are met with the current
experiment.

For completeness, it can be stated that the effect is not due
to classical dispersion of the medium in the sample arm for
several reasons �Eq. �2��. First, dispersion is negligible com-
pared to that in the reference in the region where the effect
was prevalent �Fig. 5�. For water at 1.3 �m, k�=−0.100+ /
−0.002 fs2 �m. Second, the effect disappears when second-
order correlations were eliminated through dual-balance de-
tection. If the effect had occurred with first-order coherence
rather than second-order, it would have violated the widely
held belief that these correlations cannot be used to distin-
guish classical from quantum effects �20,54�. This would
have required reevaluation of the conclusions. Third, the two
reflectors broadened symmetrically rather than the deeper
peak broadening more than the superficial peak. Finally, the
observations cannot be attributed to differences in reflectivity
as again it disappears with dual-balanced detection.

The major limitation of the study is the large width of the
glass slides �greater than 1 mm�, which limits the reference
arm displacements over which the effect can be noted. At
reference arm displacements greater than 2 cm, no effect is
noted. At this level of displacement, the vast majority of the
classical PSF extends into the glass slide and only a small
portion represents an overlap of the gap containing the me-
dium. Therefore, no difference among the medium exists or
is expected. While the current experimental design does test
the hypothesis successfully, the width of the targets would
ideally be on the order of the coherence length to allow dif-
ferences to extend beyond 2 cm displacement. Similarly, use
of a source with higher excess noise will also likely increase
differences between different mediums. Furthermore, some
data suggest that the use of broader bandwidths may improve
delineation among the medium �55�.

As with the demonstration of many quantum-mechanical
phenomena, such as the demonstration of sub-Poisson light
or photon bunching, the results in these experiments are far
from dramatic in terms of the magnitude of change �56–61�.
However, the implications of these results nonetheless have
powerful implications. The subtle result is that chirping fre-
quency between two glass plates varies, in a statistically sig-
nificant manner, with the medium between the reflecting sur-
face and that this effect is completely eliminated when dual-
balanced detection is implemented. The implications, first,
are that the phenomenon cannot be explained through clas-
sical mechanisms but can be explained within the context of
quantum mechanics. More specifically, we provide the theo-
retical framework that these results indicate a nonlocal mac-
roscopic superposition is occurring through a two-photon
probability amplitude-induced increase in target position
probability amplitude uncertainty. In addition, as the experi-
ments were performed with a classical source at room tem-
perature, it supports both the quantum-mechanical properties
of second-order correlations and that macroscopic superpo-
sition is obtainable in a target not in a single coherent state
�high entropy and low purity�. The relevance of these obser-
vations is to such diverse areas as telecommunication, cryp-
tography, computers �quantum bit error corrections�, metrol-
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ogy, medicine, and even testing modeling of collapse. Future
work will focus on generalizing the observations outside the
current experimental design and creating embodiments that
allow practical application of the phenomenon.
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APPENDIX A

The following is the general classical derivation for the
chirping envelope and frequency variation induced by refer-
ence arm dispersion �Eq. �2��. The phase variation used,
when introduced, is a linear phase ramp for convenience.
However, other phase variations lead to the same conclu-
sions. Either field in both arms can be expressed as

ER�z� =
1

2
�

−�

�

pRa0�k�exp�i�R�k��exp�− i2�kz�dk ,

�A1a�

ES�z� =
1

2
�

−�

�

pSa0�k�exp�i�S�k��exp�− i2�kz�dk ,

�A1b�

where, the light field is described as a planar wave and
propagates along the z axis, the origin is located at the beam
splitter, a0�k� represents the amplitude spectrum of source,
and �R�k� and �S�k� represents its phase spectrum in the
reference arm and sample arm, respectively. The coefficients
pR and pS are defined as amplitude attenuation in the refer-
ence and sample arm, respectively. The phase items in the
above can be extended in the second-order Taylor series

ER�z� =
1

2
�

−�

�

pRa0�k�exp�i��R�k0� + �R��k0��k − k0�

+
1

2
�R��k��k − k0�2	exp�− i2�kz�dk
 ,

ES�z� =
1

2
�

−�

�

pSa0�k�exp�i��S�k0� + �S��k0��k − k0� +
1

2
�S��k�

��k − k0�2	exp�− i2�kz�dk
 . �A2�

If the dispersion is only introduced in the reference arm,
classically group velocity dispersion �GVD� in the sample
arm is negligible under these experimental conditions. In
other words, the second-order derivative of the phase in the
sample arm equals zero. Thus,

�R�k0� = 2�n�k0�k0zR + �0,

�S�k0� = 2�n�k0�k0zS + �0, �A3�

�R��k0� = 2��n��k0�k0 + n�k0��zR = 2�ng�k0�zR,

�S��k0� = 2��n��k0�k0 + n�k0��zS = 2�ng�k0�zS, �A4�

�R��k0� = 2��n��k0�k0 + 2n��k0��zR,

�S��k0� = 0, �A5�

where n�k� represents the refractive index, ng�k� is the group
index, and zR and zS represent the path length in the reference
arm and the sample arm, respectively. This is in contrast to
the nonclassical results found in the text where the refractive
index can be a superposition of the medum and the glass
slide. Furthermore, we define

�R�k0� − �S�k0�
2�k0

= n�k0��z ,

�R��k0� − �S��k0�
2�

= ng�k0��z ,

�R��k0� − �S��k0�
2

= 2�n��k0�zR + ��n��k0�k0�zR. �A6�

The interference signal produced by a single interface is rep-
resented as

I��z� = IR + IS + 2 Re��RS��z�� , �A7�

where IR and IS are the light intensity in the reference arm
and the sample arm, respectively, and specifically the corre-
lation function of the reference beam and the sample beam is
represented as

�RS = �ER�z�E
S
*�z − �z��

=
1

4
pRpS�

−�

�

a0
2�k�exp�i���R�k0� − �S�k0�� + ��R��k0�

− �S��k0���k − k0� +
1

2
��R��k0� − �S��k0���k − k0�2
�

�exp�− i2�k�z�dk , �A8�

�RS = �ER�z�E
S
*�z − �z��

=
1

4
pRpS�

−�

�

a0
2�k�exp�i�2�n�k0�k0�z + 2�ng�k0��z

��k − k0� + 2�n��k0�zR�k − k0�2

+ �n��k0�zR�k − k0�2��exp�− i2��k − k0��z�dk

�A9a�

=
1

4
pRpS�

−�

�

a0
2�k�exp�i�2�n�k0�k0�z + 2�n��k0�zR�k

− k0�2 + �n��k0�zR�k − k0�2��exp�i2��ng�k0� − 1�

��k − k0��z�dk, �z = zR − zS. �A9b�
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Thus, I��z�= IR+ IS+2 Re��RS��z�� could have the following
approximation:

I��z� � IR + IS +
I0

2
pRpS cos�2�n�k0�k0�z + C�

�exp�−
4 ln 2n2�k0��z2

�l�
2 	 , �A10�

where �l� represents the FWHM width of the envelope in
dispersion �expanded by �n��k0�zR�, where �l represents
nondispersion. Constant C is determined by the dispersion in
either arm and contains 2�n��k0�zR.

APPENDIX B

The principles behind the removal of second-order corre-
lations are described here in quantum-mechanical terms. The
absorption �detection� electric-field operator for a Gaussian
field is given by

Ê�−��r,t� = − id� h

2�0V
�1/2

�ê�â1
† + â2

†�ei�k·r−t�e−��r − r0�2/2
2� cos�� + �� .

All terms are described in the text except V, which represents
the volume, e, which is the polarization operator, �, which
defines the carrier frequency, and �, which is a phase shift
used in the dual-balanced detection. The intensity is given by

I = d2� h

2�0V
�ê2�â1

† + â2
†�2e−��r − r0�2/
2�cos2�� + ��

=
d2

2
� h

2�0V
�ê2�â1

† + â2
†�2e−��r − r0�2/
2��1 + cos�2� + 2��� .

The major difference between detection of first- and second-

order correlations is that at the beam splitter before the de-
tector, the electric field is split for the first-order correlations
but for second-order correlations, the intensity fluctuations
are split.

First Order

With first-order correlations, with the electric field being
split at the beam splitter, a � /2 phase shift occurs between
the two beams. After detection, when subtracted, the current
has the following value:

d2

2
� h

2�0V
�ê2�â1

† + â2
†�2e−��r − r0�2/
2� cos�2� + 2 � 0�

−
d2

2
� h

2�0V
�ê2�â1

† + â2
†�2e−��r − r0�2/
2� cos�2� + 2 �

�

2
�

= d2� h

2�0V
�ê2�â1

† + â2
†�2e−��r − r0�2/
2� cos�2�� .

Second order

With second-order correlations, intensities are split rather
than electric fields at the beam splitter, so that no phase shift
results at the beam splitter. The subtraction in the electronics
therefore results in a current value of zero.

d2

2
� h

2�0V
�ê2�â1 + â2�2e−��r − r0�2/
2� −

d2

2
� h

2�0V
�ê2�â1

+ â2�2e−��r − r0�2/
2� = 0.
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