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Section A 

Table S1. Raw data of the left column in Fig. 2. 

 

Table S1 shows raw data in Fig. 2 for 0 ≤ φ ≤ 2π. Each data includes five dark counts (per 0.1 s) in both D1 
and D2. The data in Table S1 is from the recorded file by the homemade LV program. Figure S1 is for Poisson 
distributed single photons from an attenuated laser (SDL-532-500T, Shanghai Dream Laser; see Methods) by 
using neutral density (ND) filters. With appropriate NDs, a particular mean photon number can be set, where the 
measurement setup and measured photon streams are shown in Figs. S1(a) and (b). In the coincidence setup in 
Fig. S1(a), both single photon detectors (D1 and D2) count single photons independently, as shown in Table S2. 
The doubly bunched coherent photons are measured by the coincidence counting module (CCU; not shown) via 
D1 and D2, where the oscilloscope in Fig. S1 is replaced by a CCU. The box in Fig. S1(b) is to show the case of 
doubly bunched photons. By splitting each output path into two using an additional BS, four detector correlation 
scheme is configured for multiply bunched photon detection, whose data are shown in Fig. S1(c). The counted 
photon numbers depend on the laser intensity. From all measured counts, Fig. S1(c) shows single, doubly 
bunched, and triply bunched photons, satisfying Poisson distribution. For all individual data measured for one 
second, corresponding errors (standard deviation) are also calculated (‘sigma’ in Table S2). From Fig. S1(c), it 
is clear that a less mean photon number is better to avoid bunched photons. For example, the ratio of single to 
doubly bunched photons at 1 Mcps is 6440/1,000,000=6.4x10-3. However, it increases to 
750,000/10,000,000=0.075 for 10 Mcps. The ratio of triply- to doubly-bunched photon ratio is similar to the 
ratio of doubly-bunched to single photons at 25.6/6440=3.7x10-3. Thus, the triply- or higher-order bunched 
photon cases are neglected compared to the doubly bunched one. 
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Figure S1. Poisson distributed photon characteristics. (a) Experimental setup for coincidence detection. (b) Single 
photon streams displaced on the oscilloscope. (c) Measured photon counts by CCU (see Table S2). The dots are 
data, and red lines are the best-fit curves. 
 

Figure 2 of the main text is for a half million single photon case, resulting in a less than 1% bunched 
photon ratio. For the mean photon number calculation, the detected half million photons are divided by the dead 

time (22 ns)-caused time-slot numbers: 〈𝑛𝑛〉 = 0.5×106

4.5×107
~0.01. 
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Table S2 shows the measurement results for UP and LP in Fig. 1 without BS and Ps to show coherent 
photon statistics. In each row, the average value (mu) and standard deviation (sigma) are for 30 individual 
samples of recorded data, where each sample is for 0.1 s accumulation time. Table S2 follows the Poisson 
statistics, as shown in Fig. S1(c), where the estimated standard deviation (see the shaded row) for D1 and D2 in 
Fig. 2 is less than 1 %. This extremely low error rate is the benefit of the coherent photons. The coincidence 
measurements (right two columns) are not for single photons but for doubly-bunched photon pairs, whose 
generation rate is <1 % of single photons. 

Table S2. Photon statistics for Figs. 2 and 4. 

 

  



5 

 

Section B 

It is the well-known fact that the only mysterious quantum phenomenon is quantum superposition as Feynman 
mentioned [32]. Figure S2(a) shows a corresponding scheme to Fig. 1, where each MZI output in Fig. 1 is 
represented by superposition of orthogonal polarization bases with the same probability amplitudes. Figure S2(b) 
is an interferometric version of Fig. S2(a), where the second BS-caused phase shift (π/2) [33] can be controlled 
by φ adjustment. In Fig. S2(a), the split photon by BS satisfies quantum superposition between two paths of UP 
and LP, which are correlated with orthogonal polarization bases by the 90-degree rotated HWP in UP. The 
superposition of orthogonal polarization bases on the second BS in Fig. S2(b) is equal to that in Fig. S1(a). 

 

Figure S2. Equivalent schemes. (a) Classical beating-based. (b) MZI-based corresponding to (a). The dotted 
box has the same function as the EOM block in ref. [14]. 

In ref. [14], a linear optics-combined EOM block is used to control the MZI system for the delayed choice, 
e.g., to switch the particle nature with perfect which-way information to the wave nature with perfect visibility. 
Although the EOM block switching looks like a direct MZI control, it actually plays a role of P (45°) in Fig. 1 
(see the dotted circle). Thus, the quantum eraser mechanism in ref. [14] is literally the same as Fig. 1. The 
causality violation is tested by post-measurements of the MZI output photons. 

 
Figure S3. Schematic of Fig. S2(a). (a) Detailed configuration of Fig. S2(a). (b) Image of two beams (LP and 
UP) right after M2. (c) Image of interference fringe on the position S. L: laser, N: neutral density filter, BS: 
beam splitter, φ(PZT): piezo-electric transducer, HWP: half-wave plate, M1: mirror, M2: D-shaped mirror, P: 
polarizer, S: slit, D: single photon detector (or avalanche photon diode). 
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Figure S3(a) shows details of the experimental configuration of Fig. S2(a). The longitudinal distance between 
M2 and the slit S is 2 m. Figures S3(b) and (c) are the images captured by a CMOS camera placed M2 and S, 
respectively. In Fig. S3(b), the smallest separation (transverse distance, d) between two beams (UP, LP) is 
obtained by using a D-shaped mirror (M2), where the separation ‘d’ between UP and LP at M2 position is nearly 
diffraction limited at ~200 μm. Figure S3(c) shows the image of the spatial interference fringe on the position S 
caused by the d-separated two beams. For Fig. S4, only a center fringe (see the box in Fig. S3(c)) is taken through 
the slit S. The images of Figs. S3(b) and (c) are for cw laser L. 

 
Figure S4. Experimental demonstrations for Fig. S3. (a) With HWP. (b) Without HWP. The single photon counts 
are for 0.1 s. Rotation angle θ of the polarizer P: Blue (−45°), Red (45°), Green (0°), Black 180°). 

Figure S4(a) shows experimental results of Fig. S3(c) with single photons for four different rotation angles 
of P as a function of φ. For this, only center fringe of Fig. S3(c) is taken out through a homemade slit to the single 
photon detector D. Thus, the captured photon number is severely reduced compared with Fig. 2. As shown in Fig. 
S4(a), the polarizer’s rotation angle θ gives the same effect as in the upper panels of Fig. 2, resulting in the same 
causality violation (see also Eqs. (6) and (7)). Like conventional delayed-choice experiments [13,14,19], the pre-
determined photon characteristics have been retrospectively erased via post-measurements of the polarization 
basis control by P.  

Figure S4(b) is for the same polarizers as in Fig. S4(a) without HWP, resulting in no causality violation. 
This is due to the preset wave nature of photons for the same polarization basis. Thus, Fig. S4(b) follows normal 
coherence optics of quantum superposition: 𝐸𝐸𝑠𝑠 = 𝐸𝐸𝑈𝑈𝑈𝑈 + 𝐸𝐸𝐿𝐿𝐿𝐿;  𝐼𝐼𝑠𝑠 = 𝐼𝐼0(1 ± 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐). Here, the action of P in Fig. 
S4(b) simply reduces the observed photon counts into a half for θ = ±45°. This fact is quite import to 
understand the measurement-caused quantum eraser in Fig. 2. For both interference fringes in Fig. S4, the MZI 
path-length difference in Fig. S3 is set to be far less than the coherence length of the laser. 

For the particle nature, the bases must be distinguished as provided by PBS in Fig. 1 and HWP in Figs. S2 
and S3. This feature seems to be the same as that of classical particles, but the paired bases via superposition 
between UP and LP require coherence between them, as shown in Fig. 2. For the wave nature, however, the bases 
must be indistinguishable, where the polarizer’s rotation makes the polarization bases indistinguishable. Thus, the 
implied coherence of the particle nature can be recovered to the wave nature if the orthogonal polarization bases 
are controlled to be the same by the polarizer P. In other words, the initially preset orthogonal polarization bases 
of a single photon inside the MZI via quantum superposition are viewed or filtered out for the same polarization 
axis by the P’s rotation (see Inset of Fig. 1). In this polarization projection process, 50 % photon loss is inevitable. 
Although the measurements are true for single photons, the controlled choices for the quantum eraser by Ps are 
for selected photons only. Such a 50 % loss is also inevitable in the time-bin entanglement measurements for 
coincidence detection [34,35]. For this, the MZI coherence must be kept to be ∆L ≪ 𝑙𝑙𝑐𝑐. Such phase coherence 
condition cannot be derived in conventional particle nature-based quantum mechanics. In that sense, classical 
particles with no coherence must be differentiated from quantum particles or single photons. 
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Section C 

The PB-MZI in Figs. 1 and 2 are naturally stabilized under normal lab conditions. For this, the setup is just 
enclosed by a cotton box to minimize air fluctuations. As shown in Fig. S5, the PB-MZI is stabilized for as long 
as a few minutes, where the data collection time of each panel in Fig. 2 is 36 seconds. 

 
Fig. S5. PB-MZI stabilization. 
 
Section D 

Stokes parameter S of input light: 

S = �

𝑆𝑆0
𝑆𝑆1
𝑆𝑆2
𝑆𝑆3

�.      (S1) 

Stokes parameter S of output light: 

S′ =

⎣
⎢
⎢
⎡𝑆𝑆0′𝑆𝑆1′
𝑆𝑆2′
𝑆𝑆3′⎦
⎥
⎥
⎤
.     (S2) 

Mueller matrix M of a θ-rotated half-wave plate: 

M = �

1 0 0 0
0 𝑐𝑐𝑐𝑐𝑐𝑐4𝜃𝜃 𝑠𝑠𝑠𝑠𝑠𝑠4𝜃𝜃 0
0 𝑠𝑠𝑠𝑠𝑠𝑠4𝜃𝜃 −𝑐𝑐𝑐𝑐𝑐𝑐4𝜃𝜃 0
0 0 0 −1

�.   (S3) 

The horizontally polarized input light is represented as: 

S = �
1
1
0
0

�.      (S4) 

Thus, the output Stokes vector of S through a θ-rotated half-wave plate is as follows (see 
https://www.youtube.com/watch?v=KHiOoThT1y8): 

S′ = MS = �

1 0 0 0
0 𝑐𝑐𝑐𝑐𝑐𝑐4𝜃𝜃 𝑠𝑠𝑠𝑠𝑠𝑠4𝜃𝜃 0
0 𝑠𝑠𝑠𝑠𝑠𝑠4𝜃𝜃 −𝑐𝑐𝑐𝑐𝑐𝑐4𝜃𝜃 0
0 0 0 −1

� �
1
1
0
0

� = �
1

𝑐𝑐𝑐𝑐𝑐𝑐4𝜃𝜃
𝑠𝑠𝑠𝑠𝑠𝑠4𝜃𝜃

0

�. (S5) 

For a half-wave plate rotated by θ = 22.5, cos4θ = 0 and sin4θ = 1. From Eq. (S6), thus, the output light is 
diagonally polarized having both horizontal and vertical components: 

S′ = �
1
0
1
0

�.      (S6) 
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