Analysis of Photon Characteristics in
Anticorrelation of a Hong-Ou-Mandel Dip for OnDemand Quantum Correlation Control
Byoung Ham (  bham@gist.ac.kr )
Gwangju Institute of Science and Technology

Research Article
Keywords: quantum entanglement, Hong-Ou-Mandel (HOM) dip, parametric down conversion processes
Posted Date: June 17th, 2021
DOI: https://doi.org/10.21203/rs.3.rs-618686/v1
License:   This work is licensed under a Creative Commons Attribution 4.0 International License.
Read Full License

Analysis of photon characteristics in anticorrelation of a Hong-Ou-Mandel
dip for on-demand quantum correlation control
Byoung S. Ham
Center for Photon Information Processing, School of Electrical Engineering and Computer Science, Gwangju
Institute of Science and Technology
123 Chumdangwagi-ro, Buk-gu, Gwangju 61005, S. Korea
(Submitted on June 13, 2021; bham@gist.ac.kr)
Abstract: Over the last several decades, quantum entanglement has been intensively studied for potential
applications in quantum information science. The Hong-Ou-Mandel (HOM) dip is the most important test tool for
direct proof of entanglement between paired photons, whose coincidence detection results in anticorrelation due
to photon bunching on a beam splitter. Although anticorrelation is due to destructive quantum interference between
paired photons, a wavelength-sensitive interference fringe has never been observed in any HOM-type experiments.
Here, a typical HOM dip is investigated for entangled photon pairs generated by parametric down conversion
processes (SPDC) to understand fundamental physics of anticorrelation. In addition, a pure coherence opticsbased Hong-Ou-Mandel scheme is proposed and analyzed for general understanding of anticorrelation in an
interferometric system. This study sheds light on deterministic quantum correlation control and opens the door to
potential applications of on-demand quantum information science.
Introduction
Since the seminal papers on the Bell inequality [1] and anticorrelation, the so-called Hong-Ou-Mandel (HOM)
dip [2], quantum entanglement [3-5] has been intensively studied for potential applications on quantum computing
[6-10], quantum cryptography [11-15], and quantum sensing [16-20]. The anticorrelation of the HOM dip results
from two-mode photon bunching on a beam splitter (BS), where the zero coincidence-detection rate is direct proof
of the nonclassical features of two-mode entanglement [1-5]. A HOM dip has also been observed from two
independent and incoherent light sources, e.g., the sunlight and quantum dots. [21,22]. Although photon bunching
in a HOM dip is because of destructive quantum interference between the paired photons, a typical interference
fringe has never been observed in any HOM-type experiment. Thus, the quantum correlation of a HOM dip has
become a weird phenomenon, resulting in nondeterministic measurement-based physics based on particle
characteristics. Here, a specific phase relation between the paired photons used for a typical HOM dip is
investigated to find the fundamental mechanism of anticorrelation and what makes the interference fringe
disappear. Moreover, a coherent light-based HOM-type scheme is proposed and analyzed for a general
understanding of anticorrelation on a BS. Finally, a deterministic quantum correlation technique is discussed for
potential applications of on-demand quantum information science.
Based on Heisenberg’s uncertainty principle for a photon with paired conjugate variables, e.g., time and
frequency, 𝑔 (2) intensity correlation is closely related with 𝑔 (1) amplitude correlation according to general
coherence optics: 𝑔 (2) = 𝑔 (1) + 1 [23]. Thus, anticorrelation of 𝑔 (2) (𝜏 = 0) = 0 can be fully explained by
coherence optics with −1 < 𝑔 (1) < 1. In that sense, the wave nature of a photon is well suited to interpret the
HOM-type anticorrelation based on destructive quantum interference between two paired photons without
violating quantum mechanics originated in the wave-particle duality. According to the Copenhagen interpretation,
both features of the particle and wave natures of a photon are mutually exclusive. Based on intensive studies for
the Born rule test over the last decade [24-28], both exclusive natures of a single photon result in no difference in
an interferometric system, supporting the Copenhagen interpretation. Thus, the coherent approach for
anticorrelation of a HOM dip can provide a comprehensive understanding on the quantum feature. Compared with
the wave approach, the conventional particle approach results in nondeterministic quantum correlation such as in
probabilistic four-different types of Bell states between two-mode entangled photons [29]. This results in an
extreme inefficiency in quantum information processing for a multi-mode entangled system, which is necessary
for many-node quantum internet [30,31]. Although a single photon’s phase is nondeterministic according to the
uncertainty principle, a relative phase between two photons can be definite without violating quantum mechanics
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as demonstrated in anticorrelation [32,33] as well as in the Franson-type Bell inequality [34]. This is the physical
origin as to how the wave approach is powerful to understand quantum features in the present investigation.
Results
Figure 1 shows a general scheme of coincidence measurements in a HOM-type quantum experiment, where the
photon characteristics of the input photons, 𝐸𝑠 and 𝐸𝑖 , determine the detailed physics of anticorrelation. For this,
we take pure wave nature of photons governed by coherence optics [23]. Based on two distinct analyses of photon
characteristics for the same anticorrelation, we derive two necessary requirements for quantum entanglement
observed in HOM-type experiments. For this, independently coherent optical systems are additionally introduced
and analyzed for the same anticorrelation. Thus, a deterministic method of quantum feature generation is
introduced and discussed for future on-demand quantum information processing. As a result, conventional
vagueness or weirdness on quantum correlation is ruled out.
2-1. A classical approach with independently coherent light sources

Fig. 1. Schematic of anticorrelation on a BS. a An original HOM-type coincidence detection scheme. b Spectral
distribution of independent coherent photons. BS: nonpolarizing 50/50 beam splitter. 𝐷𝑘 : single photon detector
for 𝐸𝑘 . 𝑓0 : center frequency of the Gaussian distributed photons. φ: a path-length dependent phase shift.

For the photon characteristics in a HOM-type experiment, a classical approach with independently coherent light
sources is firstly investigated. Here, all photons are described as waves of coherence optics governed by
Maxwell’s equations. To satisfy independency between two input fields (photons) 𝐸𝑠 and 𝐸𝑖 in Fig. 1a, two
independent but identical lasers are considered. Thus, photons from each laser acting as either signal or idler for
the beam splitter (BS) in Fig. 1a are coherent. However, photons between two lasers are incoherent in general due
to mostly cavity alignment, resulting in slightly different center wavelengths. As shown in Fig. 1b, each photon’s
frequency is random within the spectral bandwidth Δ of each laser. With optical attenuation for each laser, nearly
sub-Poisson distributed photons can be easily achieved, where the spectral bandwidth Δ also applies to each
photon’s bandwidth as experimentally demonstrated recently [35]. This same coherence feature between a
quantum particle and classical light is not new but strongly supported by Born rule regarding self-interference
[24-28]. The coincidence detection between two output fields of the BS is limited by the input photons’
characteristics such as coherence length 𝑙𝑐 : 𝑙𝑐 𝜏𝑐 = 𝑐, where 𝑙𝑐 , 𝜏𝑐 , and c are coherence length, coherence time,
and the speed of light, respectively.
Using matrix representations of coherence optics, the following output fields are obtained for Fig. 1:
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where 𝐸𝑠 (𝑟, 𝑡) = 𝐸0 𝑒 𝑖(𝑓𝑠 𝜏−𝑘0𝑟+𝛿𝑗 +𝜁𝑗) . The 𝜁𝑗 stands for the initial phase difference, while 𝛿𝑗 is the frequency
detuning−caused phase difference between the jth signal and idler photon pair: 𝛿𝑓𝑖𝑠 = 𝛿𝑓𝑖 − 𝛿𝑓𝑠 . In equation (1),
𝑗
the phase control of 𝜑(𝜏) for 𝐸𝑖 applies only for 𝛿𝑗 , where 𝛿𝑗 (𝜏) (= 𝛿𝑓𝑖𝑠 𝜏) causes a different value for each
jth photon pair. Due to cavity optics, the spectral variation of 𝜁𝑗 cannot be greater than the spectral bandwidth Δ
but also be negligibly small to satisfy the coherent light feature of the laser. As a result, the following output
intensities are obtained with Gaussian photon distribution, G(𝛿𝑓𝑗 ):
𝑗

(2)

𝑗

(3)

𝐼𝐴 (τ, 𝛿𝑓𝑗 ) = 𝐼0 [1 − 𝑠𝑖𝑛(𝜑(𝜏) + 𝜁𝑗 − 𝛿𝑓𝑖𝑠 𝜏)G(𝛿𝑓𝑗 )],

𝐼𝐵 (τ, 𝛿𝑓𝑗 ) = 𝐼0 [1 + 𝑠𝑖𝑛(𝜑(𝜏) + 𝜁𝑗 − 𝛿𝑓𝑖𝑠 𝜏)G(𝛿𝑓𝑗 )],

where 𝐼0 = 𝐸𝑠 𝐸𝑠∗. For the coincidence detection rate at τ = 0, each output intensity rate (average or mean over
the spectral bandwidth) becomes equal regardless 𝛿𝑓𝑖𝑠 . For τ ≠ 0, each intensity rate is dependent upon 𝛿𝑓𝑖𝑠 τ
and behaves oppositely each other if 𝛿𝑓𝑖𝑠 τ < π. For 𝛿𝑓𝑖𝑠 τ~π, the rates of equation (2) and (3) reach the same
value at 〈𝐼0〉. Usually for independent two identical lasers, however, the condition of 𝜁𝑗 ≪ 𝜋 is not generally
accepted due to slight different cavity alignments. Even in this case, intensity rates of equations (2) and (3) are
𝛿𝑓𝑖𝑠 𝜏 dependent showing a modified broader fringe. Thus, the average intensities of equations (2) and (3) behave
oppositely.
The corresponding intensity correlation or coincidence detection for equations (2) and (3) averaged all over
the spectrally distribution of photon pairs is as follows:
2
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〈𝑅𝐴𝐵 (𝜏)〉 = 〈𝐼𝐴𝑗 (𝜏)𝐼𝐵𝑗 (𝜏)〉 = 〈𝐼02 〉 ∑𝑁
𝑗 〈𝑐𝑜𝑠 (𝜑(𝜏) + 𝜁𝑗 − 𝛿𝑓𝑗 𝑡)𝐺 (𝛿𝑓𝑗 )〉.

(4)

Due to the τ −dependent relative phase 𝛿𝑓𝑖𝑠 τ, equation (4) is the same as the intensity rate product of equations
(2) and (3). For τ = 0, 〈𝑅𝐴𝐵 (𝜏)〉 = 1 violates anticorrelation but satisfies classical intensity correlation. As τ
increases, the effect of spectral distribution of 𝛿𝑓𝑖𝑠 results in gradual decrease until it reaches at 〈𝑅𝐴𝐵 (𝜏)〉 =
〈𝐼 (𝑡)𝐼 (𝑡+𝜏)〉
〈𝐼02 〉/2. This is the classical lower bound in intensity correlation: 𝑔 (2) (𝜏 ≫ 1) = 1/2: 𝑔 (2)(𝜏) = 𝐴 𝐵
.
〈𝐼𝐴 (𝑡)〉〈𝐼𝐵 (𝑡+𝜏)〉

If 𝜁𝑗 ≥ 𝜋 is considered between two input lasers, then incoherence optics dominates regardless of 𝛿𝑓𝑗 𝑡 for both
𝑗
𝑗
mean intensities: 〈𝐼𝐴 (τ, 𝛿𝑓𝑗 )〉 = 〈𝐼𝐴 (τ, 𝛿𝑓𝑗 )〉 = 〈𝐼0〉 and 〈𝑅𝐴𝐵 (𝜏)〉 = 〈𝐼02 〉/2.

The condition of 𝜁𝑗 ≪ 𝜋 among photons from the same laser is always satisfied by the cavity optics,
otherwise there is no lasing. If the initial phase different 𝜁𝑗 can also be made small enough between two lasers
fixed for equation (4), the anticorrelation condition of 〈𝑅𝐴𝐵 (𝜏)〉 = 0 can be achieved. Such an ensemble
coherence control has already been experimentally demonstrated using a set of etalons, where the etalon plays a
role of cavity optics, resulting in coherence between two light sources [19]. This is the unspoken secretes in the
anticorrelation observations with independent light sources, where the mutual coherence is controlled by an
etalon-based cavity optics or well spectrally filtered system.
2-2. A quantum approach with entangled photon pairs

For the quantum approach, a typical HOM dip case is analyzed for the SPDC-generated entangled photon pairs.
According to the 𝜒 (2) nonlinear optical process of SPDC, both laws of energy conservation and phase matching
must be satisfied, resulting in strong phase correlation among three of pump, signal, and idler photons [2,36].
From the energy conservation law, the following detuning relationship is automatically satisfied for the jth photon
𝑗
𝑗
pair: 𝑓𝑠 = 𝑓0 + 𝛿𝑓𝑗 and 𝑓𝑖 = 𝑓0 − 𝛿𝑓𝑗 . Thus, all SPDC-generated entangled photons are symmetrically detuned
by ±δ𝑓𝑗 (𝛿𝑓𝑖 = −𝛿𝑓𝑠 ) across the half pump frequency 𝑓0 (see Fig. 1b). From the 𝜒 (2) −based strong phase
correlation, the paired entangled photons should satisfy a certain phase relation between them with respect to the
pump photon. Due to spontaneous emission process, however, the detuning δ𝑓𝑗 in each photon pair is random
within the bandwidth Δ of the Gaussian distribution. The initial phase difference (ζ𝑗 ) may be dependent upon
the pump bandwidth which is much narrower than Δ.
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Like the independent coherent photon case in equation (1), the following output fields are obtained for the
jth entangled photon pair:
𝑗
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𝑖 + 𝑒 𝑖(𝜑 +ζ𝑗 −2𝛿𝑗 )
𝐸𝑠

(5)

where 𝜑′ represents the unknown and intrinsic phase difference between the signal and idler photons in SPDC.
As a result, the following output intensities are finally obtained:
𝑗

𝑗

𝐼𝐴 (τ) = 𝐼𝑠 [1 − 𝑠𝑖𝑛(𝜑′ + ζ𝑗 − 2𝛿𝑓𝑗 𝜏)G(𝛿𝑓𝑗 )],
𝑗

𝑗

𝐼𝐵 (τ) = 𝐼𝑠 [1 + 𝑠𝑖𝑛(𝜑′ + ζ𝑗 − 2𝛿𝑓𝑗 𝜏)G(𝛿𝑓𝑗 )],

(6)

(7)

where ζ𝑗 and 𝜑′ are independent of τ. For a fixed 𝜑′ value and ζ𝑗 ≪ 𝜋, equations (6) and (7) vary only by
𝛿𝑗 (= 𝛿𝑓𝑗 𝜏). Thus, equations (6) and (7) are basically the same as equations (2) and (3) except for the symmetric
detuning between the paired photons. No wavelength sensitive interference fringe exists in the mean output fields’
intensity correlation due to 𝛿𝑓𝑗 𝜏 effect (analyzed in Figs. 2 and 3).

From equations (6) and (7), the resultant intensity correlation (coincidence detection) rate 〈𝑅𝐴𝐵 〉 is as
follows:
〈𝑅𝐴𝐵 (𝜏)〉 = 〈𝐼𝑠 〉〈𝑐𝑜𝑠 2 (𝜑′ + ζ𝑗 − 2𝛿𝑓𝑗 𝜏)G(𝛿𝑓𝑗 )〉,

(8)

where ζ𝑗 effect may be negligibly small, otherwise anticorrelation degrades (analyzed in Fig. 4).

For the observed results of 〈𝑅𝐴𝐵 (𝜏 = 0)〉~0 in an ideal HOM experiment, the intrinsic phase difference 𝜑′
between paired photons must be 𝜑′ = ±𝜋/2. This also confirms that ζ𝑗 ~0. Thus, the intrinsic phase difference
±𝜋/2 between entangled photons generated from SPDC is successfully derived as the first solution for the
bipartite entanglement condition on a BS for anticorrelation. Depending on the sign in 𝜑′ = ±𝜋/2, however, the
output intensities are swapped according to equations (6) and (7), even though it does not affect equation (8). This
is the origin of detection randomness in each port of the BS in Fig. 1a, resulting in 〈𝐼𝐴 (𝜏)〉 = 〈𝐼𝐵 (𝜏)〉 = 〈𝐼0 〉. This
is the second solution of the nonclassical feature of a HOM dip based on SPDC-generated entangled photon pairs
(discussed later).
Regarding the ±π/2 phase difference between the signal and idler photons generated from SPDC process,
its origin can also be explained in a three-level atomic system composed of ground, intermediate, and excited
states using density matrix equations via a Rabi cycle. In this closed-cycle of an optical excitation, the excited
atom experiences a π −phase shift with respect to the ground one. By the decay process, the returned atom to the
ground state must gain another π, resulting in no phase change for a complete Rabi cycle. Thus, an intermediate
𝜋
state atom results a 2 −phase shift between the generated signal and idler photons as derivd in equation (8). In an
entangled trap-ion pair, the

𝜋
2

−phase shift between generated paired photons has also been observed [33].

2-3. Numerical calculations for anticorrelation

From equation (8) for 𝜑′ = ±𝜋/2 and ζ𝑗 = 0, the coincidence detection rate 〈𝑅𝐴𝐵 (𝜏)〉 for the SPDC-generated
photon pairs is numerically calculated and analyzed in Fig. 2 for a typical HOM-type experiment. Figure 2a shows
Gaussian distributed entangled photon distribution. Figure 2b is the resulting coincidence detection rate,
4

𝑅𝐴𝐵 (𝜏, 𝛿𝑓𝑗 ) , where 𝛿𝑓𝑗 is the frequency detuning of the jth photon-pair from the center frequency of the
distribution in Fig. 2a. The delay time τ is for the idler as shown in Fig. 1a. Figures 2c and 2d are for individual
output intensities for Fig. 2b, where the direction randomness of the signal and idler photons is not included
intentionally for a while, otherwise they are uniform as analyzed above regardless of the photon detuning
(discussed in Fig. 3). Thus, Fig. 2 also represents equation (4) of the modified classical case for ζ𝑗 = 0. Figure
2e is for mean output intensities by averaging for all over the spectral detuning δ𝑓𝑗 in Figs. 2c and 2d, respectively.
On the contrary, Fig. 2f is for a reduced (filtered) spectral range from ±2Δ to ±Δ across the center of Fig. 2a.
The sidebands’ wiggles have already been experimentally observed in the coincidence measurements for the
spectrally reduced case [37-39], supporting for the justification and validity of the present analyses (see the
Supplementary Information).

Fig. 2. Numerical calculations for Fig. 1 with SPDC-generated entangled photon pairs without randomness
of output directions. a Gaussian distribution. b Coincidence detection 𝑅𝐴𝐵 (𝜏). c Intensity 𝐼𝐴 . d Intensity 𝐼𝐴 . e
Mean intensity for 4Δ of (a). f Mean intensity for 2Δ.

Figure 3 shows numerical calculations for the relationship between coincidence detection 𝑅𝐴𝐵 (𝜏, 𝛿𝑓𝑗 ) and
intensity correlation 𝑔 (2) (𝜏) for Figs. 2b and 2e. As expected from equations (4) and (8), nonclassical feature of
zero coincidence detection is achieved with a proper condition of 𝜑′ (𝜑) as shown in the dotted green curve in
Fig. 3a. However, the oppositely behaved features of the output intensities in Fig. 2e prohibit the nonclassical
definition of 𝑔 (2) (𝜏) < 0.5 as shown in the blue curve in Fig. 3a. In equation (8), however, the oppositely
detuned frequencies of the signal and idler photons from SPDC can be swapped due to the random detuning by
definition. Thus, the output intensities are also swapped randomly, where the photon bunching direction becomes
random, too, resulting in 〈𝐼𝐴 (𝜏)〉 = 〈𝐼𝐵 (𝜏)〉 = 〈𝐼0 〉. Based on this condition, Fig. 3b is for each SPDC-generated
photon’s output intensities. Figure 3c shows comparison between Fig. 2 (red and green dotted curves) and Fig. 3b
(blue curve) at τ = Δ−1 . The blue curve is the same as the average of both dotted curves resulting from the
randomness of entangled photon detections. This detection randomness can also be achieved by classical
manipulations of random switching of input fields [40]. This is the powerful benefit of the coherence approach
for coherence control of quantum features (discussed in Discussion).
5

Figure 3d is for 𝑔 (2) (𝜏) calculations for Fig. 2b under the condition of Fig. 3b, where the coincidence
detection rate is independent of the bunched photon’s output direction control in Fig. 1a. Thus, the nonclassical
feature of 𝑔 (2) (𝜏) < 0.5 (blue curve) is also satisfied, where the green dotted curve (𝑅𝐴𝐵 (𝜏)) exactly coincides
with 𝑔 (2) (𝜏). Thus, the present analysis of anticorrelation for entangled photon pairs from SPDC is successfully
demonstrated for a typical HOM dip with numerical supports. From this, two major requirements for the entangled
photon pairs have been sought analytically and numerically. From the analyses in Figs. 2 and 3, the nonclassical
feature of a HOM dip is not mysterious anymore but deterministic by the phase relation governed by the wave
nature of photons without violating quantum mechanics. The uniform intensity in each output field is a necessary
condition not for 𝑅𝐴𝐵 (𝜏) but for 𝑔 (2) (𝜏) < 0.5. In any way, the coincidence detection rate 〈𝑅𝐴𝐵 (𝜏)〉 with a
nonclassical feature is independent of 𝑔 (2) (𝜏) as shown in Figs. 3a and 3d. The definition of entanglement may
be discussed elsewhere.

Fig. 3. Numerical simulations for the second-order intensity correlation 𝒈(𝟐) (𝝉). a For Figs. 2b and 2e. b For
the original SPDC with directional randomness. c Green-dotted (Fig. 2c), Red-dotted (Fig. 2d), Blue (Fig. 3b) at
τ = Δ−1 . d 𝑔 (2) (𝜏) for the original SPDC with directional randomness. Green dotted: 〈𝑅𝐴𝐵 〉.

Figure 4 shows dephasing effect on the coincidence detection for Fig. 1, where the initial phase difference
parameter 𝜁𝑗 is varied from 𝜁𝑗 = 0 in Figs. 2 and 3 to 𝜁𝑗 = 𝜋 (see the Supplementary Information). For this
increasing 𝜁𝑗 in equations (4) and (8), 〈𝑅𝐴𝐵 (0)〉 results in gradual decoherence (see the left panel). At 𝜁𝑗 =
𝜋/2, 〈𝑅𝐴𝐵 (0)〉 reaches already at complete incoherence of the classical lower bound. The right panel of Fig. 4
shows each 𝑅𝐴𝐵 (𝜏, 𝛿𝑓𝑗 ) for 𝜁𝑗 = 𝜋/4 of the left panel. The loss of nonclassicality in two-photon correlation is
due to the phase decoherence between the paired photons.

Fig. 4. Numerical calculations for equation (4). (left) 〈𝑅𝐴𝐵 〉 for different 𝜁𝑖𝑠 𝑠. (right) 𝑅𝐴𝐵 for 𝜁𝑖𝑠 = 𝜋/4.
6

Discussion
We analyzed anticorrelation on a BS using different aspects of light sources to understand the fundamental physics
of nonclassicality, where a classical case of independently coherent photon pairs from two identical lasers was
compared with a quantum case of SPDC-generated entangled photon pairs. In the coincidence detection rate
between two output fields from the BS, a smooth and broad single anticorrelation dip, the so-called HOM dip,
was analyzed and numerically demonstrated to find definite solutions of anticorrelation using pure coherence
optics of the wave nature of a photon. Depending on the coherent spectral filtering of the input photons for the
classical case, the observed fringes in both side bands of the dip also clearly demonstrated the physical origin of
this quantum feature. The HOM type anticorrelation was clearly analyzed for a specific phase relation between
entangled photons. The particle nature-based indeterminacy on quantum feature generations observed in all HOM
experiments is now removed by the intrinsic properties of paired photons’ characteristics of symmetric detuning
and detuning swapping between them. Even if the SPDC-generated photon pairs were replaced by independently
coherent photon pairs, the same HOM dip-based anticorrelation could be achieved by coherence modification
using an etalon set due to cavity optics. These coherence analyses for a quantum feature of a HOM dip are
unprecedented and powerful enough to open the door to deterministic quantum information processing based on
entangled photon pairs.
Although the photon detection randomness in each output port of a BS was given by the intrinsic property
of the SPDC-generated photon pairs, it also could be classically manipulated using pure coherence optics in a
coupled MZI scheme for macroscopic entanglement generation as recently suggested [40]. Compared with Fig.
1b of two incoherently coherent input photons, an MZI with a single input laser intrinsically results in perfectly
coherent photon pairs with the π/2 phase difference, where entanglement can be later achieved via superposition
between the split photons by the BS following in a cascaded MZI system [41]. Thus, the present investigation of
photon characteristics for anticorrelation using coherence optics can be used for deterministic quantum
manipulation without violating quantum mechanics. The equality between exclusive natures of a photon has
already been predicted and observed in the Born rule tests conducted over the last decade [25-28]. Thus, a specific
photon detection in the particle nature of a photon is now replaced by intensity correlation between ensemble
coherence, where delay time is also replaced by a difference in phase.
Conclusion
We analyzed and numerically demonstrated the most important quantum feature of a Hong-Ou-Mandel dip for
anticorrelation between paired entangled photons on a BS. In addition, a classical case was compared for a general
scheme of bipartite quantum correlation, whose input fields were independently coherent. As a result, the
fundamental physics of phase relationship between the paired photons was discovered. In fact, the uniform
intensity output fields from the BS via two-photon correlation were not a necessary condition for the
anticorrelation, but were for 𝑔 (2) intensity correlation. This fact intrigues us for further discussion on quantum
superposition for coherence and entanglement. In the classical case of independently coherent photons,
deterministic control of the same anticorrelation was also analyzed and achieved if the coherence phase control
between the paired photons were possible via an etalon set due to cavity optics. As demonstrated in the Born rule
tests, the equivalence between the particle and wave natures of a photon supports the present analyses and results.
In conclusion, the on-demand phase control of the quantum feature of anticorrelation has now been made available
because the relative phase difference between the paired coherent photons can be controlled. Here, the control of
relative phase difference between two paired photons is purely classical and does not violate quantum mechanics.
For SPDC-generated entangled photon pairs, such a deterministic control is not possible simply due to the intrinsic
properties of the photon characteristics based on symmetric detuning between paired photons. The detuning
swapping between paired entangled photons is an inherent property of SPDC processes different from the classical
case of the coherent photons. Thus, the on-demand quantum correlation control using coherent photons has
potential for deterministic quantum information processing.
Data availaility
All results were obtained using Matlab. The codes are available upon reasonable requests.
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