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A method for correlating thermal light over a wide spectral range is proposed. A multi-wavelength pseudothermal
source, prepared by projecting laser beams of multiple wavelengths (650 nm, 635 nm, 532 nm, and 473 nm) onto a moving
thin ground glass plate, is employed in a double-slit interference experiment. The ground glass plate induces random
phase differences between light beams of different wavelengths passing through it. This initial random phase difference
significantly influences the high-order intensity correlation functions of multi-wavelength thermal beams. Experimentally,
second-order correlated interference patterns, including subwavelength interference, of pseudothermal beams with different
wavelengths are observed in the intensity correlation measurements. This method facilitates applications of correlated
thermal photons in quantum information processing and quantum imaging.
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1. Introduction
Correlating photons is a crucial quantum technology for

quantum computing, quantum communication and quantum
imaging.[1–3] The nonlinear crystals of spontaneous para-
metric down-conversion (SPDC) are widely used sources
for generating correlated photons,[4] which can form en-
tangled photon pairs in polarization, time, or energy.[3,5]

These entangled photons are essential for foundational in-
vestigations of the violation of Bell inequalities, which dis-
tinguish quantum correlations from local hidden-variable
theories.[6–8] In quantum communication, entangled photons
enable secure protocols such as quantum key distribution,
where eavesdropping attempts disrupt entanglement and re-
veal intrusion.[9] Using shared entanglement of photon pairs
and classical communication, quantum teleportation transfers
an unknown quantum state between distant locations with-
out physical transmission.[10] Additionally, entangled pho-
tons enhance imaging resolution beyond classical limits, as
demonstrated in quantum lithography and entanglement-based
microscopy.[11,12]

To overcome the extreme weakness of entangled two-
photon pairs, bright entangled multi-photon sources have
drawn much attention. Multi-photon bundle emission has
been investigated with parity-symmetry protection,[13] by a
Josephson photonic device,[14] via atomic coherence,[15] in
a quantum Rabi model,[16] and in multi-photon Jaynes–
Cummings models.[17,18] Dynamical emission of multi-photon

bundles can be realized in a circuit quantum electrodynam-
ical system.[19] The NOON states of multi-photon entangle-
ment, as another type of bright source, can be directly gen-
erated with structured crystals and shaped pump beams.[20]

The multi-photon NOON states can also be generated in a
composite system of two Kerr-nonlinear resonators and a
four-level qudit,[21] and by coherently modulated indepen-
dent single-photon sources.[22] Bright entangled multi-photon
sources can greatly improve quantum metrology[23] and mul-
tiphoton quantum sensing.[24] These sources also have a pow-
erful ability to enhance multiple-phase estimation,[25] espe-
cially for reconfigurable phase contrast microscopy[26] and
reducing the uncertainty product of coherent light.[27] As a
result, quantum superresolution imaging[28,29] and quantum
microscopy[30] have been developed by exploiting multipho-
ton entanglement.

Unlike entangled photons, thermal light photons ex-
hibit classical correlations but can still produce striking
quantum-like effects through higher-order intensity correla-
tion measurements.[31–33] Specifically, ghost imaging recon-
structs an object’s image by correlating photons from two
beams, one interacting with the target and the other serv-
ing as a reference, even though neither beam alone carries
the target’s spatial information. This effect, initially demon-
strated with entangled photons,[34] was later replicated us-
ing thermal light, highlighting the role of intensity fluctua-
tions in correlation-based imaging.[31,32] Similarly, ghost in-
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terference leverages higher-order correlations to reproduce
interference patterns, even though the interfering beams do
not possess first-order coherence.[35] These phenomena high-
light how classical correlations can mimic certain quantum
effects.[36] In two-photon subwavelength interference,[37–40]

the superresolved fringes demonstrate the potential of ther-
mal or chaotic light for quantum lithography and breaking the
diffraction limit. Higher-order correlations with thermal light
can comprehensively simulate behaviors originally associated
with EPR correlations.[41]

Recently, photon correlations of two-color light,[42–44]

uncorrelated sources,[45–47] and dissimilar sources[48–51] have
been widely explored. Techniques and systems including non-
degenerate SPDC, cavity-enhanced SPDC, time-resolved pho-
ton counting detection, optomechanical dark-mode excitation,
superluminescent diodes, Hong–Ou–Mandel (HOM) interfer-
ometers, and Mach–Zehnder interferometers have been in-
volved. These investigations have greatly extended the practi-
cal applications of photon correlations in quantum and classi-
cal systems. However, it remains challenging to correlate ther-
mal light photons of different wavelengths over a wide spectral
range.

In this paper, we propose a method to correlate pseu-
dothermal beams of arbitrary two wavelengths using only a
moving plate of ground glass in a double-slit interference ex-
periment. With the proposed method, correlated interference
patterns between a thermal light beam of wavelength 650 nm
and beams of wavelengths 635 nm, 532 nm, and 473 nm are
observed by measuring their intensity correlation functions.
In addition, subwavelength interference fringes at different
wavelengths are obtained by setting different propagation dis-
tances. In the theoretical analysis, the ground glass plate in-
duces a random phase difference between two beams of dif-
ferent wavelengths. This random phase difference governs the
second-order correlation functions of multi-wavelength ther-
mal light. Therefore, this method enables correlation of ther-
mal photons over a wide spectral range.

Compared with previous studies, this work has sig-
nificant advantages. First, we use a thin ground glass
plate to correlate thermal light of different wavelengths.
This method is free from techniques such as active feed-
forward synchronization[43] and time-correlated single photon
counting.[42–49] Second, owing to the simple setup, the corre-
lation is highly effective between pseudothermal light of dif-
ferent wavelengths. The efficiency is higher than that of feeble
biphotons from spontaneous parametric down-conversion,[42]

quantum dots,[48,49] and atomic quantum nodes.[51] Third, the
wavelength range of correlation is quite wide. Our work
demonstrates that pseudothermal light with wavelengths rang-
ing from 473 nm to 650 nm can be correlated with each other,
far exceeding the schemes mentioned above.

2. Experimental results of correlated interfer-
ence
Generally, thermal light sources, such as flames and the

sun, emit light beams of various wavelengths. These beams
of different wavelengths from a thermal source are indepen-
dent of each other. Our method for generating correlated pseu-
dothermal beams of different wavelengths is shown in the ex-
perimental setup depicted in Fig. 1. A polarized beam splitter
(PBS1) is used to combine the input laser beams of two wave-
lengths. In one arm of PBS1, a fixed laser diode (LD) emits
a laser beam of wavelength 650 nm. In the other arm, three
LDs with wavelengths 635 nm, 532 nm, and 473 nm are pre-
pared, and one of them is selected for each experiment. Both
laser beams pass through a double-slit (DS) and a lens (L),
and then arrive at PBS1. Two polarizers (P) are used to ad-
just the intensities of the two input laser beams. A thin plate
of ground glass (GG), with only one side roughened by fine
sandpaper, serves as a random-phase modulator. GG converts
the two laser beams of different wavelengths into dynamic and
correlated multi-wavelength laser speckles, which imitate the
spatiotemporal behaviors of multi-wavelength thermal light.
The outgoing polarized pseudothermal patterns are separated
by another PBS2 and detected by two charge-coupled devices
(CCD: Mintron MTV-1881EX). CCD1 and CCD2 register the
instantaneous intensity distributions of pseudothermal light at
wavelength 650 nm and at the other wavelengths (635 nm,
532 nm, 473 nm), respectively. Correlation measurements
(CM) are performed between the two pseudothermal intensi-
ties to observe correlated interference fringes.

473 nm

LD

L

PBS1

GG

CCD1

DS

L

DS

PBS2

CCD2

P

P

650 nm

532 nm

635 nm

LD

CM

473 nm

532 nm

635 nm

Fig. 1. Diagram of the experimental setup. A pseudothermal beam of
wavelength 650 nm is correlated with beams of wavelengths 635 nm,
532 nm, and 473 nm. LD: laser diode; DS: double slit; P: polarizer;
L: lens; PBS: polarized beam splitter; GG: ground glass; CCD: charge-
coupled device; CM: correlation measurement.

The thin GG plate is mounted on a movable stage, which
is driven by a stepper motor. To precisely control the phase
modulation of GG, the frosted surface of GG is adjusted to
face the detectors. Two double-slits, with a slit width of
60 µm, a spacing of 180 µm, and a height of 60 µm, are em-
ployed in the experiment. The two DS are imaged by the two
lenses onto the frosted surface of GG. We note that the focal
lengths of the lenses are 150.3 mm, 149.9 mm, 149.1 mm,
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and 148.0 mm for wavelengths of 650 nm, 635 nm, 532 nm,
and 473 nm, respectively. The optical paths in the two arms
of PBS1 are carefully adjusted to ensure that the sizes of the
two images of the DS are exactly the same. The microscopic
images of the double slits at different wavelengths are shown
in the inset of Fig. 1.

The experimental results of correlated fringes obtained
from intensity correlation measurements of pseudothermal
light beams at different wavelengths are shown in Fig. 2.
The GG plate moves at a steady speed, ensuring that each
of the two CCDs records 30 independent patterns per sec-
ond. The distances from GG to the two CCDs are both set
to z = z′ = 240 mm.

Figure 2(a) shows the results for beam wavelengths of
650 nm and 635 nm with 20000 samples. In Fig. 2(a), the ma-
genta circles and red squares represent the experimental data
of the normalized second-order intensity correlation functions
g(2)650,635(0,x) and g(2)650,635(x,0), respectively. Their maxima are
1.80 and 1.81, indicating that the corresponding fringe visibil-
ity values are V = 0.281 and 0.286. The magenta and red
solid lines are the theoretical curves. In addition, the insets
show the two-dimensional patterns. It can be seen that the two
fringe spacings are nearly the same, ∆x650 = 0.640 mm and
∆x635 = 0.630 mm, since the two wavelengths are close.
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Fig. 2. Experimental results of the normalized intensity correlation func-
tions for wavelength pairs 650–635 nm in (a), 650–532 nm in (b), and
650–473 nm in panel (c), respectively. The subimages show the two-
dimensional distributions. The circles and squares represent the experi-
mental results, and the solid lines denote the theoretical results.

Similarly, Fig. 2(b) shows the results for beam wave-
lengths 650 nm and 532 nm with 20000 samples. The green
circles and red squares represent the experimental results
of the one-dimensional normalized second-order correlation
functions g(2)650,532(0,x) and g(2)650,532(x,0), respectively. Their
maxima are 1.47 and 1.48, indicating fringe visibility values
of V = 0.190 and 0.191. The two fringe spacings are differ-

ent, ∆x650 = 0.645 mm and ∆x532 = 0.525 mm, since the wave-
length difference becomes larger. The green and red solid lines
are the corresponding theoretical curves.

Figure 2(c) presents the results for beam wavelengths
650 nm and 473 nm with 20000 samples. The blue cir-
cles and red squares represent the experimental results of the
one-dimensional normalized second-order correlation func-
tions g(2)650,473(0,x) and g(2)650,473(x,0), respectively. Their max-
ima are 1.071 and 1.072, and the corresponding fringe visibil-
ity values are V = 0.0339 and 0.0344. The two fringe spacings
are different, ∆x650 = 0.630 mm and ∆x473 = 0.443 mm, since
the wavelength difference is the largest. The blue and red solid
lines are the corresponding theoretical curves.

The extremely low fringe visibility obtained from g(2)650,473
indicates stringent experimental conditions for second-order
correlated interference with multi-wavelength thermal light.
Indeed, the ground glass is one-sided frosted. After passing
through the GG plate, the beam of wavelength λ undergoes
a phase change φ(λ ) = 2π

n(λ )−1
λ

δ0, where n is the refractive
index at wavelength λ , and δ0 is the random depth of the glass
divots.

3. Theory and subwavelength interference
To ensure stable intensity correlation between light beams

of wavelengths λ and λ ′, the two phase changes should satisfy
φ(λ )− φ(λ ′) < 2π and φ(λ )+ φ(λ ′) ≥ 2π . In experiment,
therefore, the average depth δ0 of the glass divots should sat-
isfy the condition

1
n−1

λ
+ n′−1

λ ′
< δ0 <

1∣∣∣ n−1
λ
− n′−1

λ ′

∣∣∣ , (1)

where n′ is the refractive index of the glass for light of wave-
length λ ′. The condition in Eq. (1) limits the range of phase
difference for a successful experiment; it is also the reason for
the one-sided frosted GG mentioned above.

For complete incoherence of thermal light, the ampli-
tudes and random phases of the thermal fields are regarded
as stochastic variables, which follow the Rayleigh distribu-
tion and a uniform distribution, respectively. Without loss
of generality, the total phase change is assumed to satisfy
φ(λ ) + φ(λ ′) = 2mπ for steady second-order interference
fringes, where m is a positive integer. For mathematical sim-
plicity, the double slit is considered as the sum of two sin-
gle delta functions D(x0) = δ (x0−d/2)+δ (x0 +d/2), where
d is the slit spacing. Under these assumptions, the normal-
ized second-order correlation function between thermal light
beams of wavelengths λ and λ ′ is obtained as

g(2)
λ ,λ ′(x,x

′) =
3
2
+

sinc(∆ϕ)

2
cos
(

2π dx
λ z
− 2π dx′

λ ′z′
+∆ϕ

)
,

(2)
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where z (z′) is the propagation distance of light with wave-
length λ (λ ′), the sinc function is defined as sinc(∆ϕ) =

sin(∆ϕ)/∆ϕ , and the phase difference is

∆ϕ = mπ

λ ′
λ
− n′−1

n−1
λ ′
λ
+ n′−1

n−1

= mπ
Rλ −Rn

Rλ +Rn
, (3)

where the wavelength ratio is Rλ = λ ′
λ

, and the refractive in-
dex ratio is Rn =

n′−1
n−1 . The fringe visibility of the normalized

second-order correlation function is

V =
1
3
|sinc(∆ϕ)| . (4)

It is clear that as the wavelength difference |λ −λ ′| increases,
the phase difference ∆ϕ also increases, whereas the fringe vis-
ibility V decreases.

The fringe spacings of the normalized correlated inter-
ference patterns in Fig. 2 are determined by the propagation
distances and the corresponding wavelengths. This behavior
is consistent with the theoretical prediction in Eq. (2). As the
wavelength difference |λ −λ ′| increases, the phase difference
∆ϕ becomes larger, and the visibility V decreases. This con-
clusion is also demonstrated in Figs. 2 and 3.
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Fig. 3. Experimental results of the subwavelength interference fringes.
(a) g(2)650,635(x,−x) with z635 = 245 mm. (b) g(2)650,532(x,−x) with z532 =

296 mm. (c) g(2)650,473(x,−x) with z473 = 326 mm. The propagation
distance is z650 = 240 mm, and the inset subimages show the two-
dimensional distributions.

From the normalized second-order correlation function
in Eq. (2), it can be seen that subwavelength interference
can be obtained under the condition x′ = −λ ′z′

λ z x for corre-
lation measurements. By setting the propagation distance
z′ = λ

λ ′ z, the normalized intensity correlation function be-

comes g(2)
λ ,λ ′(x,−x) = 3

2 + sinc(∆ϕ)
2 cos

(
2πd
λ z 2x+∆ϕ

)
, which

manifests superresolved fringes. According to the condition
of propagation distance, the experimental results of the sub-
wavelength interference are shown in Fig. 3, where the prop-
agation distance z650 = 240 mm is set for the thermal light

beam of wavelength 650 nm. Figure 3(a) presents the sub-
wavelength interference fringes of g(2)650,635(x,−x), where the
propagation distance z′ = 245 mm is set for the thermal light
of wavelength 635 nm. The magenta circles and solid line are
the experimental data and the theoretical curve, respectively.
It can be seen that the fringe spacing has been reduced by half
to ∆x = 0.324 mm.

The experimental results of subwavelength interference
fringes between the thermal light beams of wavelengths
650 nm and those of 532 nm and 473 nm are respectively ex-
hibited in Figs. 3(b) and 3(c), by the green and blue circles.
The propagation distances for thermal beams of wavelength
532 nm and 473 nm are set as z′ = 296 mm and 326 mm, re-
spectively. Both of the fringe spacings are ∆x = 0.320 mm for
the interference patterns in Figs. 3(b) and 3(c).

In Fig. 3, the two-dimensional distributions of the second-
order subwavelength interference patterns are shown by the
subimages under the curves. The visibility values are V =

0.286, 0.184, 0.035 for the correlated interference fringes in
Figs. 3(a)–3(c), respectively. The fringe visibility values in
the three cases are similar to those in Fig. 2. However, the
subwavelength feature of the halved fringe spacing is demon-
strated by comparing it with the results in Fig. 2.

In practice, the random depths of the divots distributed
in the GG plate cause phase differences and extra scattered
noise, both of which strongly affect the second-order inter-
ference fringes between thermal beams of two wavelengths.
In the numerical simulation, H-K9L glass is considered. The
phase noise level is set as 1/10 of the phase change for all
pseudothermal beams. Figure 4 shows the numerical maxi-
mum values of the second-order correlation function g(2)max ver-
sus the average divot depth δ0. The inset shows the details of
the simulation results for the average divot depth in the range
0 < δ0 < 8 µm. These maxima are the averages of 50 simula-
tions, each of which is calculated with 20000 simulated sam-
ples. The magenta solid line with circles, green dashed line
with squares, and blue dotted line with diamonds are the sim-
ulated maxima of g(2)650,635, g(2)650,532, and g(2)650,473, respectively.

As the average depth of the glass divots δ0 increases, the
maximum values g(2)max first rapidly rise from 1 to their max-
imum values, and then gradually decrease back to 1. The
full widths at half maxima (FWHM) for g(2)650,635, g(2)650,532, and

g(2)650,473 in Fig. 4 are 22.64 µm, 2.53 µm, and 1.61 µm, respec-
tively. As the wavelength difference (|λ −λ ′|) increases, the
FWHM decreases, and the value of g(2)max(λ ,λ

′) also decreases.
By connecting the experimental and simulation results, it can
be concluded that the average divot depth is about δ0 = 2.0 µm
in our experiment.

This dependence of the second-order correlation maxi-
mum on wavelength suggests a non-destructive testing method
for characterizing the microstructure of scattering surfaces,
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such as ground glass. By injecting two probing beams of dif-
ferent wavelengths (λ and λ ′), the surface feature scale δ0 can
be obtained by measuring the second-order correlation max-
ima g(2)max(λ ,λ

′). This technique is particularly valid when the
characteristic scale of the surface roughness is comparable to
the incident wavelength.
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Fig. 4. Simulation results of the maxima of the normalized second-order
correlation function g(2)max(λ ,λ

′) versus the average divot depth δ0. The
magenta, green, and blue lines correspond to thermal light beams with
λ ′ = 635 nm, 532 nm, and 473 nm, respectively, and λ = 650 nm. The
inset plots the maxima in the range 0 < δ 0 < 8.

4. Conclusion
In summary, the second-order correlated interference of

wide-spectrum thermal beams has been investigated. Experi-
mentally, multi-wavelength pseudothermal beams were gener-
ated by projecting laser beams of four wavelengths (650 nm,
635 nm, 532 nm, and 473 nm) onto a moving thin GG plate.
The second-order correlated interference patterns between
these multi-wavelength pseudothermal beams were character-
ized by measuring their intensity correlation functions. Sub-
wavelength interference fringes were obtained by adjusting
the propagation distances for the different wavelengths. The
maxima of the normalized second-order correlation functions,
fringe spacing, and fringe visibility depend on the wavelength
differences and the phase differences induced by the GG. This
method is effective for correlating thermal photons of vari-
ous wavelengths. Although the proposed approach is limited
by decreases in visibility, surface uniformity, and mechani-
cal stability, it has potential applications in multi-wavelength
ghost imaging, correlation-based spectroscopy, and broadband
phase retrieval. Furthermore, it may expand the potential ap-
plications of thermal photons in quantum information process-
ing and quantum imaging.

Appendix A: Probability theory of the random
fields in double-slit interference

In our interference experiment with multi-wavelength
thermal light beams, the local pieces of the ground glass are
considered to be exactly embedded inside the double slits, as

shown in Fig. A1. The random depths of the divots in the
frosted surface of the ground glass plate play an important role
in observing the correlated interference patterns in the experi-
ment. Therefore, the divot depths in the slits can be regarded
as stochastic variables.

For mathematical simplicity, we assume two stochastic
variables r10 and r20 to describe the divot depths in the two
slits when the ground glass plate moves, as shown in Fig. 1.
Considering that the normal thickness of the glass is r0, the
optical paths of the light in the two slits are

∆ j = nr j0 +(r0− r j0) = (n(λ )−1)r j0 + r0, (A1)

where j = 1,2 refers to the respective slits, and n is the refrac-
tive index, which depends on the optical wavelength λ . The
refractive index of 1 for the atmosphere has been assumed in
Eq. (A1). The optical path difference of the two fields from
the two slits is

∆λ = ∆2−∆1 = (n(λ )−1)(r20− r10) = (n(λ )−1)δ0, (A2)

where the subscript λ denotes the wavelength dependence of
n. Since the divots r10 and r20 are completely random, their
depth difference δ0 = r20− r10 is completely random as well.

The stable laser fields pass through the ground glass and
then the two slits, and finally arrive at the screen after a dis-
tance z. At the point P on the screen, the two fields from the
two slits are

E j = A j e
−i
(

ωt−
2πr j

λ
−

2π∆ j
λ

)
, (A3)

where j = 1,2, and r1 and r2 are the distances from the point
P to the two slits, respectively. The summed field at the point
P is E = E1 +E2, and the optical intensity is obtained as

I = |E|2 = A2
1 +A2

2 +2A1A2 cos
(

2π
∆r +∆λ

λ

)
, (A4)

where ∆r = r2 − r1. It can be seen that the intensity distri-
bution depends strongly on the initial random phase 2π∆λ

λ
=

2π

λ
(n−1)δ0.

DS

P

Screen

O

Δ
0

Fig. A1. Random phase distribution in a double-slit interference.

It is assumed that the amplitude A follows a Rayleigh dis-
tribution

PA =
A

σ2 e−
A2

2σ2 , (A5)
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where A ≥ 0, and σ is the distribution parameter. The even-
order and odd-order moments of the amplitude are〈

A2m〉= m!2m
σ

2m,〈
A2m+1〉= (2m+1)!!

√
π

2
σ

2m+1, (A6)

where the factorials are m! = 1× 2× 3× ·· · ×m and (2m+

1)!! = 1×3×5×·· ·× (2m+1).
The path difference δ0 is assumed to follow a uniform

distribution such that

Pδ0 =
1

2π
rect

(
δ0−π

2π

)
, (A7)

where δ0 ∈ [0,2π], and rect(x) =

{
1, |x| ≤ 1/2
0, |x|> 1/2

. The aver-

ages of the cosine function powers are〈
cos2m

δ0
〉
= 2−2mCm

2m,
〈
cos2m+1

δ0
〉
= 0. (A8)

Appendix B: Intensity correlation function
According to Eqs. (A4), (A6), and (A8), the averaged in-

tensity distribution is obtained as

〈I〉=
〈
A2

1
〉
+
〈
A2

2
〉
= 4σ

2. (B1)

The interference fringes do not appear on the detection plane,
reflecting incoherent illumination.

Consider two different laser beams with wavelengths λ1

and λ2. The optical intensities for the two stochastic fields are

I1 = A2
1 +A2

2 +2A1A2 cos
(

2π
∆r +∆λ1

λ1

)
, (B2)

I2 = A′21 +A′22 +2A′1A′2 cos
(

2π
∆ ′r +∆λ2

λ2

)
, (B3)

where the optical path differences are approximately

∆r ≈
dx1

z1
, ∆

′
r ≈

dx2

z2
,

∆λ1 = (nλ1 −1)δ0, ∆λ2 = (nλ2 −1)δ0. (B4)

The average of the intensity correlation is

〈I1(x1)I2(x2)〉 =
〈
A2

1A′21 +A2
1A′22 +A2

2A′21 +A2
2A′22

〉
+4
〈
A1A2A′1A′2

〉
×
〈

cos2π

(
dx1

λ1z1
+δ0

nλ1 −1
λ1

)
× cos2π

(
dx2

λ2z2
+δ0

nλ2 −1
λ2

)〉
. (B5)

By assuming A1 = βA′1 and A2 = A′2, the moments of the am-
plitudes are 〈

A2
1A′21

〉
=
〈
A2

2A′22
〉
= β

2 8σ
4, (B6)

〈
A2

1A′22
〉
=
〈
A2

2A′21
〉
= β

2 4σ
4, (B7)〈

A1A2A′1A′2
〉
= β

2 4σ
4. (B8)

The cosine-product term in Eq. (B5) can be rewritten as〈
cos2π

(
dx1

λ1z1
+δ0

nλ1 −1
λ1

)
cos2π

(
dx2

λ2z2
+δ0

nλ2 −1
λ2

)〉
=

1
2

〈
cos2π

(
dx1

λ1z1
+

dx2

λ2z2
+

nλ1 −1
λ1

δ0 +
nλ2 −1

λ2
δ0

)〉
+

1
2

〈
cos2π

(
dx1

λ1z1
− dx2

λ2z2
+

nλ1 −1
λ1

δ0−
nλ2 −1

λ2
δ0

)〉
.

(B9)

In Eq. (B9), the phase of the first cosine term fluctuates
much faster than that of the second cosine term. We thus im-
pose the condition

2πδ0

(
nλ1 −1

λ1
+

nλ2 −1
λ2

)
= 2mπ, (B10)

where m is an integer. Under this condition, the average of the
first cosine term in Eq. (B9) vanishes, while the average of the
second cosine term becomes〈

cos
[

2π

(
dx1

λ1z1
− dx2

λ2z2
+

nλ1 −1
λ1

δ0−
nλ2 −1

λ2
δ0

)]〉
= sinc(∆ϕ)cos

[
2πd

(
x1

λ1z1
− x2

λ2z2

)
+∆ϕ

]
, (B11)

where

∆ϕ = kπ

nλ1
−1

λ1
−

nλ2
−1

λ2
nλ1
−1

λ1
+

nλ2
−1

λ2

= kπ
Rλ −Rn

Rλ +Rn
, (B12)

Rλ =
λ2

λ1
, Rn =

nλ2 −1
nλ1 −1

. (B13)

The nonzero average in Eq. (B11) represents the nonlocal
interference fringes. Consequently, the intensity correlation
function between the beams of different wavelengths is

〈I1(x1)I2(x2)〉 = 24β
2
σ

4 +8β
2
σ

4sinc(∆ϕ)

×cos
(

2π dx1

λ1z1
− 2π dx2

λ2z2
+∆ϕ

)
. (B14)

The normalized second-order correlation function is

g(2)(x1,x2) =
〈I1(x1)I2(x2)〉
〈I1(x1)〉〈I2(x2)〉

=
3
2
+

1
2

sinc(∆ϕ)cos
(

2π dx1

λ1z1
− 2π dx2

λ2z2
+∆ϕ

)
.

(B15)

Hence, the fringe visibility is

V =
|sinc(∆ϕ)|

3
, (B16)

since the maximum and minimum of the normalized second-
order correlation function are g(2)max = 3

2 + 1
2 |sinc(∆ϕ)| and

g(2)min =
3
2 −

1
2 |sinc(∆ϕ)|, respectively.
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Appendix C: The independent first-order and
second-order correlation

The independent first-order correlation functions, i.e., the
averaged intensity distributions, are shown in Fig. C1. The
circles in Figs. C1(a)–C1(d) represent the experimental results
of the averaged pseudothermal light intensity distributions for
wavelengths 650 nm, 635 nm, 532 nm, and 473 nm, respec-
tively.

The fluctuations of these averaged intensity distribu-
tions are all very small, and no interference fringes are ob-
served. The corresponding fringe visibility values are 0.0149,
0.02494, 0.0251, and 0.0300, all of which are smaller than
those in Figs. 2 and 3. These results indicate that the first-order
coherence is very weak under the experimental conditions.
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1.0

1.5

(a)
g
(1)

650
Theory

0.5

1.0

1.5

(b) g
(1)

635
Theory

0.5

1.0

1.5

(c)
g
(1)

532
Theory

-1.5 -1.0 -0.5 0 0.5 1.0 1.5

0.5

1.0

1.5

(d) g
(1)

473
Theory

x (mm)

Fig. C1. The first-order correlation functions of pseudotherma light of
wavelength (a) 650 nm, (b) 635 nm, (c) 532 nm, and (d) 473 nm.
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(2)
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(0,x) Theory

1.0

1.5

2.0 (c) g
(2)

532,532
(0,x) Theory

-1.5 -1.0 -0.5 0 0.5 1.0 1.5

1.0

1.5

2.0 (d) g
(2)

473,473
(0,x) Theory

x (mm)

Fig. C2. The second-order correlation functions of pseudothermal light
of wavelengths (a) 650 nm, (b) 635 nm, (c) 532 nm, and (d) 473 nm.

The second-order correlation functions of the pseudother-
mal light beams of the same wavelengths are shown in
Fig. C2. The experimental results for wavelengths 650 nm,

635 nm, 532 nm, and 473 nm are represented by the circles
in Figs. C2(a)–C2(d), with fringe maxima of 1.88, 1.86, 1.87,
and 1.85, respectively.

These correlation maxima are all greater than 1 and close
to 2. By comparing the first-order and second-order correla-
tion functions, it is evident that the pseudothermal light in the
experiment exhibits very low first-order coherence but strong
second-order correlation.

Appendix D: Notes on numerical simulations
The ground glass (H-K9L) plate used in the experiment

is also considered in the numerical simulations. The refractive
index is modeled using the Cauchy dispersion equation

n =
√

A0 +A1λ 2 +A2λ−2 +A3λ−4 +A4λ−6 +A5λ−8,

where the constants are A0 = 2.2719694, A1 =−9.9172187×
10−3, A2 = 1.0369753×10−2, A3 = 3.1190380×10−4, A4 =

−2.6458215×10−5, and A5 = 1.6479085×10−6.
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