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Section A
Function of the polarizer

Regarding the role of a polarizer rotated at an angle 8 from the horizontal axis as shown in Fig. S1(a), the
resulting interference fringes is usually interpreted as polarization projections of the orthogonal polarization
bases onto the @ axis: H — cos6p and V — sin6p. In the viewpoint of quantum superposition between
orthogonal bases, the original bases of H and V can be decomposed into two ad-hoc bases of p and its 90°
rotated axis ﬁ These two bases are of course mutually exclusive, resulting in no fringes to satisfy the particle
nature of a photon. Along the new bases of p and ﬁ thus, both H and V are now interfered, resulting in
fringes. This is the quantum eraser, where along ﬁ a fringe inversion results in, as in the MZI output ports:

I, = I(1 + sin26cosy), (SA-1)
Iz = I,(1 — sin26cos@). (SA-2)
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Fig. S1. An ad-hoc quantum superposition by the dynamic polarization axis given by a polarizer. R/T:
reflection/transmission.

Equations (SA-1) and (SA-2) are for two quantum erasers observed in both NMZI output ports D, and
D, (D)) without QWP in Fig. 1. Interestingly Egs. (SA-1) and (SA-2) are exactly the same as the unbalanced
MZI case for Fig. S1(b):

E, = E;(cos§ — sinde'?), (SA-3)

E, = E;(cosd + sinée'?), (SA-4)
where cos8/sind represents the ratio of transmission to reflection by the adjustable R/T BS. Thus,

I, = I,(1 — sin28cos ), (SA-5)

I, = I,(1 + sin28cosg), (SA-6)

Compared to Fig. S1(a), the role of & in Egs. (SA-5) and (SA-6) is equivalentto 6 in Egs. (SA-1) and (SA-2).



Section B
Role of QWP for the PBW-like quantum feature

From Egs. (7) and (8) in the main text without QWP, the intensity product between them is as follows for 6 =
s

="

"
(€@ (0) = (€2 (0) = (c20) = (€2 (0) = L sin2g. (SB-1)

Similarly, (C5,(0)) = (C,,(0)) results in, too. Thus, the four-photon intensity correlation is as follows for 8 =
T

="

e

c®,(0)) = L2 sin* SB-2
{ 1234( ) = 256Sln @, ( )
where, the factor 2 is multiplied to each amplitude because of four photon interaction. Unlike QWP-based result
in Eqg. (18) in the main text, there is no fringe doubling occurs, except for the second-order intensity correlation

in Eq, (SB-1).
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Fig. S2. Numerical calculations of fourth-order intensity correlations with (red) and without (blue) QWP. The
greed dot curve is for Eq. (SB-1). The red curve is with QWP for Eq. (18).



Section C

Standard quantum limit without QWP

Figure S3 shows numerical calculations of the classical feature of the higher-order (N) intensity correlations for
Fig. S3(a) between D,~D,. The MZI output intensities are I,(¢) = I,(1 — cose) and Iz(p) = I,(1 + cos®).

For the split case along the upper MZI output port, the followings are derived:
E(p) =2(1-e"),
Ey(p) =22 (1 ei®),
E3(p) = 2 (1 —e'*),

Ey(p) =22 (1 - ei®).

(SC-1)
(SC-2)
(SC-3)

(SC-4)

The corresponding intensities are I, (¢) = L, (¢) = I3(p) = 1,(p) = %’(1 — cos@), resulting in the global-phase
independence. For independent and individual events of I;(¢), the normalized higher-order intensity correlations

are given by:

(€CMY (1 —cosp)V.

(SC-5)

Figures S3(b) and (c) are the numerical calculations of Eq. (SC-5) for N=1~4. As shown in Fig. S3(c), the

resolution enhancement follows the standard quantum limit proportional to vN.
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Fig. S3. Numerical calculations of the ordered intensities. BS: nonpolarizing 50/50 beam splitter.



Section D
Selective measurements

The same result of Eq. (19) is also obtained for the usual MZI case of Egs. (5) and (6) for the NMZI output port
without QWP (see Section D of the Supplementary material).

E; = % (Hcosn — Vsinne')p, (5)

—iE,
4

E, = (Hcos{ + VsinZe™)p, (6)
From Egs. (5) and (6), the second-order intensity correlation R7, is obtained as follows:
R34(0) = E3E,(cc)
1§

== (Hcosn — Vsinne'?)(Hcos¢ + Vsin{e')(cc)

2 —~
— %Hv(cosnsin{ — sinncos{)(cc)
2 —~
= %HVsin2 G —-m, (501

where a factor /2 is multiplied to Egs. (5) and (6) for the two photon input. In Eq. (SD-1), a gated heterodyne
detection makes the system selective for HV product only, resulting in the nonlocal quantum feature.



Section E
Role of QWP for the nonlocal quantum feature

For the second-order intensity correlation between detectors D; (with QWP) and D, (without QWP), the
coincidence detection between Egs. (9) and (6) results in:

2 Py ~ -~ ~
R104(0) = %(Hcos@ — iVsin®)(Hcos{ + Vsin{)(cc)
2 —~ ~ —~
= 1—06 (HHCOSHCOS{ — iVVsin@sin{ + HV (cos@sin{ — isin@cos()) (co)

2
= %{(cos@cos{ — isinBsin{)(cosOcos{ + isinfsin{) + (cosOsin{ — isinfcos{)(cosfsin{ +

isinfcos{) + [(cosOcos{ — isinfBsind)(cosOsin{ + isinBcos{) + (cosOcos{ + isinfsin{)(cosOsin{ —
isinfcosn)|}

2
= % [(cos?Bcos?{ + sin?0sin?{) + (cos?Osin?{ + sin*Ocos?{) + (cos?Ocos{sin{ +
sin?0sin{cos{) + (cos?0cossin{ + sin?Osinfcos{)],
2
= % (1 + 2sin{cos), (SE-1)

where cc is complex conjugate. In Eq. (SE-1), two independent polarizers (8;7) are considered for £ = 0 and
@ =m/2 as a two-photon condition, satisfying local realism in both quantum erasers. For the coincidence
detection, no AOM-induced effect is considered. In Fig. S4, no joint parameter relation is resulted between
detectors with and without QWP. Thus, the phase relation between interacting photon pair is important compared
to Eq. (19).
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Fig. S4. Numerical simulations of Eq. (SE-1). R;4(0) is normalized.



