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Intensity interferometry for holography with quantum
and classical light
Guillaume Thekkadath1,2*, Duncan England1, Frédéric Bouchard1, Yingwen Zhang1,3,
Myungshik Kim2, Benjamin Sussman1,3

As first demonstrated by Hanbury Brown and Twiss, it is possible to observe interference between independent
light sources by measuring correlations in their intensities rather than their amplitudes. In this work, we apply
this concept of intensity interferometry to holography. We combine a signal beam with a reference and measure
their intensity cross-correlations using a time-tagging single-photon camera. These correlations reveal an inter-
ference pattern from which we reconstruct the signal wavefront in both intensity and phase. We demonstrate
the principle with classical and quantum light, including a single photon. Since the signal and reference do not
need to be phase-stable nor from the same light source, this technique can be used to generate holograms of
self-luminous or remote objects using a local reference, thus opening the door to new holography applications.
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INTRODUCTION
Holography is an established technique to record and reconstruct a
wave pattern. It is commonly used in optics and microscopy to
extract phase information from an object (1, 2). Conventionally, a
hologram is prepared by splitting a light source into two beams: one
is used to illuminate the object, while the other is used as a refer-
ence. The hologram is then obtained by recording the first-order
(i.e., amplitude) interference pattern between the two beams.
These must be correlated in phase during the exposure time,
which is typically achieved by placing the object inside a phase-
stable interferometer. Thus, it is generally not possible to prepare
holograms of self-luminous or remote objects using this approach.

Several recent works have demonstrated that quantum-correlat-
ed light can overcome certain limitations in conventional hologra-
phy. Töpfer et al. (3) and Fuenzalida et al. (4) used frequency-
correlated beams to illuminate the object with a different wave-
length than the detected light. Similarly, Chrapkiewicz et al. (5)
showed that Hong-Ou-Mandel interference between two single
photons enables holography without needing phase stability. Un-
fortunately, these and other related techniques (6) used inherently
faint photon pair sources of light which limits their applicability.

Quantum techniques can inspire researchers to develop classical
ones achieving similar results, such as with ghost imaging (7). In
particular, the Hong-Ou-Mandel effect used in (5) is a manifesta-
tion of a more general second-order interference phenomenon in
which one measures field intensity correlations (8, 9). Starting
with the pioneering work of Hanbury Brown and Twiss (10), inten-
sity interferometry has been demonstrated with a variety of classical
and nonclassical light sources (11–23). To observe interference, in-
tensity correlations must be measured within a sufficiently small
time window, which typically requires using fast single-pixel photo-
detectors and coincidence circuits (9). However, thanks to recent
advances in camera technology, it is now possible to measure inten-
sity correlations at the single-photon level in a spatially resolved

manner. While this has mainly been demonstrated with photon-
pair sources (24–32), it also facilitates quantum-inspired imaging
techniques that are applicable to classical light (33–41) and has
led to a renewed interest in using intensity correlations for astron-
omy (42–45).

In this work, we present a holography technique based on inten-
sity interferometry. We combine a signal with a reference and
measure their intensity cross-correlations using a time-tagging
single-photon camera having nanosecond time resolution. These
correlations reveal a hologram from which we can recover the wave-
front of the signal. Our technique presents two main advantages
compared to conventional holography: (i) it does not require
phase stability and (ii) the signal and reference beams can originate
from different sources of light. To demonstrate these advantages, we
perform a proof-of-principle experiment in which we measure the
phase transformation of a spatial light modulator (SLM). First, we
show that we can record holograms using detector integration times
that far exceed the coherence time of our setup. Second, we generate
holograms of a single-photon and thermal signal using an attenu-
ated laser as the reference beam. Our technique enables novel appli-
cations in holography, such as performing phase imaging with faint
light but without the need for phase stabilization, or generating ho-
lograms of self-luminous objects using an independent reference.

RESULTS
Concept
We begin by describing the principle of the scheme (Fig. 1). The
signal Êsexpfi½ϕsðrÞ þ θs�g and reference Êrexpfi½ϕrðrÞ þ θr�g
fields are combined on a balanced beam splitter. We assume that
these fields are co-polarized and have identical time-frequency
properties. Furthermore, the fields must have a fixed locally
varying phase relation but not a global one, i.e., ϕ(r) = ϕs(r) −
ϕr(r) is fixed, while θ = θs − θr is random. This arises when the
fields are in a quantum state with an indeterminate global phase,
such as a single photon or a thermal state. Alternatively, θ could
be drifting randomly over the course of the measurement due to
an unstable interferometer or if the fields are produced by indepen-
dent light sources. In either case, if we simply measured the average
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intensity at a single output port of the beam splitter, i.e., hÎðr1Þi, we
would not observe any interference. However, with a temporally re-
solving camera, we can instead measure intensity correlations,
Gðr1; r2Þ ¼ ĥIðr1Þ̂Iðr2Þi. This quantity is determined by pairs of
pixels which detected light in both output beams within a correla-
tion window whose duration depends on the light coherence time.
In Materials and Methods, we show that

~Gðr1; r2Þ ¼
1
4

2 þ
1
ɛ
gð2Þ
s ðr1; r2Þ þ ɛgð2Þ

r ðr1; r2Þ � 2Re½gð1Þ
s ðr1; r2Þgð1Þ

r ðr1; r2Þ��

� �

ð1Þ

where * denotes the complex conjugate and ∼ denotes a normaliza-
tion by the average input intensities whose imbalance is given by
ɛ ¼ ĥIri=hÎsi. Equation 1 shows the role of the input field coherence
properties in intensity interferometry. The second-order coherence,
g(2)(r1, r2) describes the field correlations only in intensity. In par-
ticular, gð2Þ

s ðr1; r2Þ of the signal could be measured without the ref-
erence field, as was done by Hanbury Brown and Twiss (10).
However, by including a reference, Eq. 1 contains an additional
term which depends on the product of the signal and reference
first-order coherence functions, g(1)(r1, r2). This quantity describes
the field correlations in amplitude and phase. As a result, the last
term in Eq. 1 reveals an interference pattern which can be used
for holographic retrieval of the signal, despite the randomly
varying global phase difference θ. To make this more explicit, we
suppose that the signal and reference are both in single spatial

modes such that jgð1Þ
s;r ðr1; r2Þj ¼ 1. Since these differ by a fixed local

phase ϕ(r), we find that

~Gðr1; r2Þ ¼
1
4

fA � 2 cos ½ϕðr1Þ � ϕðr2Þ�g ð2Þ

Here, A ¼ 2 þ gð2Þ
s =ɛ þ ɛgð2Þ

r depends only on the second-order coher-
ence of the inputs and determines the visibility of the interference
pattern, V0 = 2/A. This equation recovers the familiar upper limit of
V0 = 1/2 (V0 = 1) for classical (nonclassical) light with Poissonian
(sub-Poissonian) photon statistics. In practice, distinguishability
between the signal and reference in time frequency or polarization
will reduce the visibility from these ideal limits (9). We model such
imperfections by introducing a phenomenological parameter M
such that V = MV0 = 2M/A (see the Supplementary Materials for
more information). Although a small V reduces the signal-to-
noise ratio in the ability to retrieve phase information, we can use
holographic techniques to effectively filter out the noise (46–48), as
we demonstrate experimentally below.

Experimental setup
Our experimental setup (Fig. 2A) allows us to change the signal
between either (i) a heralded single-photon state, (ii) a phase-ran-
domized coherent state, or (iii) a thermal state. The reference is
always a coherent state. Further details are given in Materials and
Methods. The orthogonally polarized signal and reference are
coupled into a polarization-maintaining single-mode fiber and
sent toward the interferometer part of the experiment (Fig. 2B).
The two beams are separated at polarizing beam splitter 3 (PBS3),
and the signal is sent onto a SLM which imparts a programmable
spatial phase distribution ϕ(r). The signal is then spatially recom-
bined with the reference at PBS4. For the sake of demonstration,
we purposefully reduce the coherence time of the interferometer
consisting of PBS3 and PBS4 to ∼100 μs by mounting the SLM
onto a vibrating piezo stage. To interfere the orthogonally polarized
beams, we rotate their polarization by π/4 using half-wave plate 3
(HWP3) and lastly separate the horizontal and vertical components
into two beams using a polarizing beam displacer (PBD). We detect
the two beams using a single-photon time-tagging camera having
8.3(6) ns timing resolution and 7(2)% efficiency (49). The camera
sensor is divided into two regions (60 pixels by 60 pixels) corre-
sponding to the two output beams (Fig. 2C). Each detection event
is assigned a label: r1i = (x1i, y1i) and t1i if the ith photon is detected
in the left region, and otherwise r2i = (x2i, y2i) and t2i. The intensity

Fig. 1. Intensity interferometry holography. The signal (i.e., illuminating or illu-
minated object) is combined with a reference on a balanced beam splitter. Unlike
in conventional holography, we do not assume that these two fields are phase-
stable. They can be generated by independent sources. The output intensities
aremeasured using a time-tagging camera. An interference pattern in the intensity
correlations ĥIðr1 Þ̂Iðr2Þi is observed when the two fields overlap in polarization and
time frequency (which can generally be achieved by a filter F for stationary fields).
This interference pattern depends on the first-order and second-order coherence
of the fields (Eq. 1).

Fig. 2. Experimental setup. (A) Signal and reference preparation. (B) Interferometer and detection. SHG, second-harmonic generation; SPF, shortpass filter; BPF, band-
pass filter; ND, neutral density filter; BBO, beta-barium borate; PBS; polarizing beam splitter; B, beam block; APD, avalanche photodiode; HWP, half-wave plate; H/V,
horizontal/vertical polarization; f, convex lens; PBD, polarizing beam displacer. (C) Typical intensity image of two output beams. First-order interference is not visible
since the beams are phase-uncorrelated. A 4f lens system images the SLM plane onto the camera.
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correlation function Gðr1; r2Þ ¼ ĥIðr1Þ̂Iðr2Þi is obtained directly
(without any normalization or background subtraction) by
making a histogram of events where a pixel from each region
fired within a time window τw. In the case of the heralded single
photon, we record the time tags of the avalanche photodiode
(APD) detector using the camera’s time-to-digital converter and
include the condition of detecting a herald photon within τw, i.e.,
measure threefold coincidences (see fig. S3).

One-dimensional phase retrieval
We start by considering a one-dimensional example. We apply a
quadratic phase pattern ϕ(x) = ax2 to the signal. In addition, we
tilt the signal beam along the x direction with respect to the refer-
ence to introduce a shear, i.e., ~ϕðxÞ ¼ ϕðxÞ þ k0x, where k0 is the
strength of the shear. The measured intensity correlations for
three different types of signals are shown in Fig. 3. Since the
phase is symmetric along the y axis, we plot G(x1, x2) = ∑y1,y2

G(x1, y1, x2, y2). This quantity displays a fringe pattern along
the antidiagonal whose period is given by 2π/k0 and is
slightly curved because of the quadratic phase. The fringe visibility
V is obtained by fitting the measured holograms to Eq. 2. For each
signal, we adjust the input intensity imbalance ε to maximize V
by rotating HWP1. With gð2Þ

r ¼ 1:006ð11Þ, the theoretical visibility
upper limits are 82(1), 49.8(3), and 41.8(1)% for the single-photon
[gð2Þ

s ¼ 0:049ð8Þ], coherent [gð2Þ
s ¼ 1:006ð11Þ], and thermal

[gð2Þ
s ¼ 1:920ð6Þ] signals, respectively. We observe 26.6(4),

14.0(1), and 11.3(3)%, which is roughly consistent with scaling
the ideal visibilities V0 by M = 0.3. The factor M takes into
account the various imperfections in our setup such as the
temporal-spatial resolution of the camera and the mode overlap
between the signal and reference (see the Supplementary Materials
for more information).

Although the visibilities are low, this has little impact on our
ability to retrieve the signal phase. We first demonstrate this using
a Fourier filtering technique. By taking a two-dimensional Fourier
transform of the holograms in Fig. 3, the interference term is offset
by k0 from the background terms. We isolate the interference term
using a Gaussian window function and take the inverse Fourier
transform to recover ϕ(x) (47). This quantity is plotted alongside
the directly measured intensity distribution of the signal ĥIsðxÞi in
the bottom row of Fig. 3. We fit the recovered ϕ(x) to a quadratic
function ax2 and find the values a = 0.0135(3), 0.0133(1), and
0.0130(1) (rad per pixels2) for the single photon, coherent, and
thermal states, respectively, which are in agreement with the value
applied to the SLM, a = 0.0132. The average pairwise fidelity
between the three recovered complex-valued spatial modes
is 0.98(1).

Two-dimensional phase retrieval
For a two-dimensional phase ϕ(r), it is no longer straightforward to
use Fourier filtering since the intensity correlation function G(r1, r2)
is a four-dimensional quantity. Thus, we turn to another phase-re-
trieval method. According to Eq. 2, each cross section G(r1, r2) at r2
is an interference pattern I(r1) ∝ A − cos [ϕ(r1)] with a phase offset
given by ϕ(r2). As an example, we plot such cross sections for a co-
herent state signal and the maple leaf phase mask shown in Fig. 4.
They can be interpreted as the left beam intensity images I(r1) con-
ditioned on detecting a right beam photon at r2, which provides the
phase reference ϕ(r2). Whenever ϕ(r1) = ϕ(r2) + 2mπ, we observe
destructive interference, whereas when ϕ(r1) = ϕ(r2) + 2(m + 1)π,
we observe constructive interference (m ∈ ℤ).

The cross sections of G(r1, r2) are holograms which can be used
to retrieve ϕ(r). However, we cannot use conventional phase-re-
trieval methods such as phase-shift holography since these
assume knowledge of the offsets ϕ(r2) (46). Instead, we solve this
self-referencing problem using a principal components analysis.
We construct a correlation matrix of all the holograms contained

Fig. 3. One-dimensional off-axis holography. (A) Heralded single photon. The
event rate is 13 threefolds/s with τw = 5 ns. (B) Coherent state. The event rate is 106

twofolds/s with τw = 50 μs. (C) Thermal state. The event rate is 5 twofolds/s with τw
= 5 ns. Top row: Intensity correlation function G(x1, x2) obtained with a quadratic
phase pattern ϕ(x) = ax2 and a spatial shear between the signal and reference. Col-
orbar shows the number of recorded correlation events at each pixel. Bottom row:
Intensity ĥIsðxÞi (blue dots, left axis) and phase ϕ(x) (orange crosses, right axis) of
the signal recovered by a Fourier filtering procedure. The dashed orange line is the
expected phase applied by the SLM.

Fig. 4. Two-dimensional holograms. The center image shows the phase mask
ϕ(r) applied to a coherent state signal. Four surrounding images I(r1) = I(x1, y1)
are cross sections of the measured intensity correlation function G(r1, r2) at
regions r2 indicated by the arrows. From left to right, the phases in these
regions are (i) ϕ(r2) = 0, (ii) ϕ(r2) = π/2, (iii) ϕ(r2) = 3π/2, (iv) ϕ(r2) = π. Colorbar
shows the number of recorded correlation events in 10 s.
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in G(r1, r2)

Γðr; r0Þ ¼
X

r2

Gðr; r2ÞGðr0; r2Þ ð3Þ

This matrix describes which pixels in the holograms are in-phase
(i.e., correlated) or out-of-phase (i.e., anticorrelated). Because we
are simply summing these correlations for all r2, Γ(r, r′) contains
two orthogonal quadrature components varying with the sine and
cosine of the phase mask wherever ϕ(r2) has values around
(m + 1/2)π and mπ, respectively. We can isolate these components
by performing a singular value decomposition of Γ(r, r′) (48). This
allows us to retrieve ϕ(r) without scanning the reference phase to
specific values as in phase-shift holography. Further details are
given in Materials and Methods.

We test our phase-retrieval method with the checkerboard phase
pattern shown in Fig. 5A. Using a coherent and single-photon
signal, we recover the phase shown in Fig. 5 (B and C), respectively,
without background subtraction or optimization routines. To quan-
tify the precision of our technique, we compute the SD of the recov-
ered phase values in each checkerboard square, i.e., where the phase
is expected to be uniform. In Fig. 5D, we plot this phase uncertainty
Δϕ, averaged over the center four squares where the beam intensity
is the largest. For an equal number of correlation events, the single
photon (blue crosses) shows slightly better performance than the
coherent state (orange dots) due to the higher interference visibility
of the former. This performance follows shot-noise scaling

ffiffiffiffi
N

p

until ∼0.02 rad, at which point the precision begins to plateau
due to limitations of the SLM such as digitization and phase
ripple errors.

DISCUSSION
Although our interferometer coherence time is on the order of 100
μs, we observe interference in our holograms despite using far
longer integration times, e.g., 10 s with the coherent state signal,
or 10 hours with the single-photon signal. This demonstrates the
first key advantage of using intensity interferometry for holography.

Namely, it is not necessary for the measured photons to be coherent
over the entire integration time of the hologram. This enables ho-
lography with extremely faint light and without active phase stabi-
lization. Some potential applications include quantitative phase
imaging of biological samples which are susceptible to photodam-
age (2), or performing standoff holography using a faint illumina-
tion beam. The phase-noise resilience of intensity interferometry
does not require light with nonclassical correlations, which are
often lost in practice due to attenuation and noise (50–52).

Our single-photon and thermal state results demonstrate the
second key advantage of intensity interferometry for holography.
Namely, it is possible to generate holograms of a signal beam
using a reference derived from an independent light source. This
requires mode-matching the two sources in polarization, time,
and frequency, which is generally quite challenging, but does
enable numerous applications. For example, a single-photon refer-
ence can potentially vastly extend the baseline of telescope arrays for
astronomy (42, 45). Moreover, in quantum optics, it is practical to
use a laser to characterize the mode structure of nonclassical states
of light. This idea has already been used to measure the time-fre-
quency mode of photon pairs generated via spontaneous parametric
down-conversion (23), and it could also be applied to photons pro-
duced by quantum dots (19) or single atoms (53). With continuing
improvements in the timing resolution of cameras, one could also
envisage tracking the interference between two independent lasers
which are not phase-locked nor frequency-locked (11, 12, 21).

As a final remark, we emphasize that intensity interference only
requires the ability to measure field intensities. For faint light
sources which produce only a few photons per coherence time,
such as the sources considered in this work, these correlations
must be measured using single-photon detectors. However, for
brighter sources, they could also be measured using a regular
camera, as long as each frame is captured with a sufficiently short
exposure time (see the “Correlation window” section in Materials
and Methods). In this case, G(r1, r2)would simply be determined
by the product of the intensities measured by pixels r1 and r2, aver-
aged over many frames. Bright sources also naturally exhibit inten-
sity correlations beyond the second order, which, when resolved,
can improve the contrast of images (34). Note that, during the prep-
aration of this manuscript, we became aware of another work that is
also using intensity interference for phase imaging (54).

MATERIALS AND METHODS
Signal and reference preparation
We describe the setup shown in Fig. 2A in more detail. A titanium
sapphire oscillator (Coherent, Chameleon Ultra II) generates an 80-
MHz train of 150-fs pulses with a center wavelength of 810 nm. The
pulses are focused into a 1-mm-long beta-barium borate (BBO)
crystal for second harmonic generation. The frequency-doubled
light (approximately, 1 W) is separated using a dichroic mirror
and is used to pump a type II spontaneous parametric down-con-
version process in a 2-mm-long BBO crystal. The degenerate
photon pairs are split on a PBS. The horizontally-polarized
photon is coupled directly into a single-mode fiber and is detected
by an APD (Excelitas, SPCM-AQRH). We detect roughly 3 × 105

photons per second in this heralding arm. The vertically polarized
photon is overlapped with attenuated light from the pump laser on a
PBS. Both are coupled into a polarization-maintaining fiber which

Fig. 5. Two-dimensional phase retrieval. (A) Checkerboard phase mask applied
to SLM. (B) Retrieved phasewith a coherent state signal. The number of correlation
events N = 1 × 107. Acquisition time 10 s. (C) Retrieved phase with a single-photon
signal. N = 2 × 105. Acquisition time 10 hours. (D) The precision of the retrieved
phase for the coherent state (orange dots) and single photon (blue crosses). The
black dashed line is a fit to shot-noise scaling ≏

ffiffiffiffi
N

p
.
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leads to the interferometer part of the experiment. All modes are
spectrally filtered by a bandpass filter (3-nm full width at half
maximum; Semrock, LL01-810).

Using this setup, we can prepare the signal in three different
types of states: (i) heralded single photon, (ii) thermal state, and
(iii) phase-randomized coherent state. In case (i), we send the
APD electronic signal to the camera time-to-digital converter and
include the condition of detecting a herald photon within the cor-
relation window, i.e., measure threefold coincidences. The time
delay τ1 is adjusted so that the single photon and coherent state
arrive at the PBD simultaneously. In case (ii), we ignore the
herald photon, and thus, the signal mode produced by the down-
conversion source has thermal statistics. Last, in case (iii), we
insert a beam block (B) and only use the attenuated coherent
state. We adjust HWP2 to split the light between both arms of the
interferometer. The time delay τ2 is adjusted so that both interfer-
ometer paths are matched in length.

In all three cases, the SLM (Meadowlarks, E-Series 1920 × 1200)
is mounted on a vibrating piezo stage (Thorlabs, NF15AP25) driven
by a voltage source (Thorlabs, MDT693A) producing a 75-V peak-
to-peak and 100-Hz frequency sine curve. The piezo vibrations
reduce the interferometer coherence time to ∼100 μs which
ensures that no first-order interference is visible over our integra-
tion times.

Theory
We derive the intensity cross-correlation function at the output of
the beam splitter. We assume that the input fields are only phase-
stable for a finite coherence time τc. For times longer than τc, we
model the phase incoherence as a randomly fluctuating phase dif-
ference θ(t). This phase has no effect on rotationally symmetric
quantum states such as a single photon or thermal state, but we
include it in our derivation for the sake of generality. The instanta-
neous intensities at the output of the beam splitter are given by
Îc;dðr; tÞ ¼ Ê�

c;dðr; tÞÊþ

c;dðr; tÞ, where the subscripts c and d label
the output mode. The detectors record these intensities averaged
over some response time τd. We assume that τd is longer than any
dynamics in the fields (e.g., the pulse duration) but is short enough
that θ(t) can be considered as constant, i.e., θ(t) ≡ θ. This allows us
to drop the time coordinates

Îc;dðrÞ ¼

ðτd=2

� τd=2
dtÎc;dðr; tÞ

¼
1
2

ð̂IsðrÞ þ ÎrðrÞ

+ ½Ê�

s ðrÞÊþ

r ðrÞeiθ þ c:c:�Þ

ð4Þ

where + (−) corresponds to the intensity in mode c (d). We used the
beam splitter transformation to express the output intensities in
terms of the input fields. A derivation that does not drop the time
coordinate and describes the effect of detector timing resolution
and temporal-spectral mode mismatch is given in (9). If we
choose τd as the correlation window, then the intensity correlations
measured by the detectors in a single trial are given by Îcðr1Þ̂Idðr2Þ

with phase θ staying constant in each trial. However, over many
trials, θ fluctuates randomly between [0,2π]. Thus, the measured in-
tensity correlation averaged over all trials is given by the classical

ensemble average, which we denote using the brackets {}

fÎcðr1Þ̂Idðr2Þg ¼

ð2π

0
dθÎcðr1Þ̂Idðr2Þ ð5Þ

Expanding Eq. 5 in terms of the input field operators (Eq. 4)
reveals 16 terms. Those that contain an odd number of creation
or annihilation operators in either input mode vanish due to the
ensemble average, and we are left with only six terms

Îcðr1 Þ̂Idðr2Þ ¼
1
4

½̂Isðr1ÞÎrðr2Þ þ Îsðr2Þ̂Irðr1Þ

þ Ê�

s ðr1ÞÊ�

s ðr2ÞÊþ

s ðr1ÞÊþ

s ðr2Þ

þ Ê�

r ðr1ÞÊ�

r ðr2ÞÊþ

r ðr1ÞÊþ

r ðr2Þ

� Ê�

r ðr1ÞÊþ

r ðr2ÞÊ�

s ðr2ÞÊþ

s ðr1Þ

� Ê�

r ðr2ÞÊþ

r ðr1ÞÊ�

s ðr1ÞÊþ

s ðr2Þ�

ð6Þ

The last two terms correspond to the interference between the
input fields. The measured intensity correlations are given by the
expectation value of Eq. 6 with respect to the input quantum
states, i.e., Gðr1; r2Þ ¼ hfÎcðr1Þ̂Idðr2Þgi. We divide this quantity by
the average input intensities (and assume ε ¼ ĥIrðrÞi=hÎsðrÞiis inde-
pendent of r) to obtain

~Gðr1; r2Þ ¼
hfÎcðr1ÞÎdðr2Þgi

ĥIsðr1ÞiĥIrðr2Þi

¼
1
4

ð2 þ
1
ɛ
gð2Þ
s ðr1; r2Þ þ ɛgð2Þ

r ðr1; r2Þ

� 2Re½gð1Þ
s ðr1; r2Þgð1Þ

r ðr1; r2Þ
�
�Þ

ð7Þ

such that Eq. 7 is now cast in terms of the normalized coherence
functions

gð1Þ
s;r ðr1; r2Þ ¼

hÊ�

s;rðr1ÞÊþ

s;rðr2Þi

½ĥIs;rðr1ÞiĥIs;rðr2Þi�
1=2 ð8Þ

gð2Þ
s;r ðr1; r2Þ ¼

hÊ�

s;rðr1ÞÊ�

s;rðr2ÞÊþ

s;rðr1ÞÊþ

s;rðr2Þi

ĥIs;rðr1ÞiĥIs;rðr2Þi
ð9Þ

Equation 7 is shown as Eq. 1 in the main text.

Correlation window
The role of the correlation window warrants further discussion. We
can distinguish between two scenarios. In the first scenario, we con-
sider correlated input fields Ês and Êr such as photon pairs pro-
duced by parametric down-conversion. Then,
ĥIsðr1Þ̂Irðr2Þi = ĥIsðr1ÞiĥIrðr2Þi and intensity interference can be
observed even when the correlation window (and thus the detection
time resolution) is longer than the coherence time of the input fields
(9). This effect is well known in Hong-Ou-Mandel interference (13).
In a related scenario, one splits a single light source at a beam split-
ter to obtain the fields Ês and Êr , i.e., these are inside an interferom-
eter with balanced arm lengths. In this case, the relevant coherence
time is not that of the source, but rather the time over which the
arms of the interferometer are phase stable (14). We encounter
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this scenario in our experiment with the phase-randomized coher-
ent state. With the vibrating piezo stage, the interferometer arms are
stable over roughly 100 μs. In practice, we use a correlation window
of τw = 50 μs. Thus, the data acquisition rate is greatly increased by
capturing correlation events obtained between many consecutive
pulses (20).

In the second scenario, we consider that the signal and reference
originate from independent light sources. We encounter this sce-
nario in our experiment with the heralded single photon and
thermal signal. To observe intensity interference, the correlation
window should generally be chosen to be shorter than the coher-
ence time of the input fields (8). One exception is if non–stationary
light fields (e.g., pulses) are used, as in our experiment. Although
our pulses have picosecond coherence times, we still observe inter-
ference with a τw = 5-ns correlation window. Because τw is shorter
than the interpulse separation of 12.5 ns and light is absent between
pulses, a detector click could have only occurred from a photon
within the coherence time (or a dark count).

Camera
We use a complementary metal-oxide semiconductor event camera
(Amsterdam Scientific Instruments, TPX3CAM). It has a resolution
of 256 × 256 pixels with a pixel pitch of 55 μm. To achieve single-
photon sensitivity, an intensifier (Photonis, Cricket) is placed
before the camera (55). This first converts incident photons into
electrons which are then amplified by a multichannel plate before
lastly striking a phosphor screen. The flash produced by the inten-
sifier is detected by the camera as a cluster of pixels localized in
space and time. The detection occurs with a total quantum efficien-
cy of 7(2)% (49). We process the raw camera data using a real-time
clustering algorithm to produce a stream of the pixel coordinate and
arrival time of the detected photons. For each pulse of light from the
laser, the full width at half maximum of the timestamp distribution
is τd = 8.3(6) ns due to the detector timing resolution. We operate
the camera far from a saturation regime such that the likelihood of
there being two or more photons at the same pixel within its dead
time (∼1 μs) is negligible.

Principal component phase retrieval
The method of (48) can be adapted to work with intensity interfer-
ometry data. Each cross section of the intensity correlation function
ĥIðr1Þ̂Iðr2Þi at a particular r2 = rn is a hologram obtained with the
phase reference value ϕ(r2) ≡ δn. Its intensity is given by

InðrÞ ¼ BnðrÞ � ĥIsðrÞi ĥIrðrnÞi cos ½ϕðrÞ � δn�=2
¼ BnðrÞ � αnIsinðrÞ � βnIcosðrÞ

ð10Þ

where BnðrÞ ¼ ĥIsðrÞiĥIrðrnÞi½2 þ gð2Þ
s =ε þ ɛgð2Þ

r �=4is a background
term. In the second line, we used a trigonometric identity to express
the equation in terms of a sine and cosine term

IsinðrÞ ¼ hÎsðrÞi sin ½ϕðrÞ� ð11Þ

IcosðrÞ ¼ hÎsðrÞi cos ½ϕðrÞ� ð12Þ

with coefficients αn ¼ ĥIrðrnÞisinðδnÞ=2 and
βn ¼ ĥIrðrnÞi cos ðδnÞ=2, respectively. These two terms are orthog-
onal components of the intensity in the sense that they are

uncorrelated, i.e.,
X

r
IsinðrÞIcosðrÞ � 0 ð13Þ

Thus, we can isolate them with a principal components analysis.
We construct a correlation matrix for all n (i.e., r2)

Γðr; r0Þ ¼
X

n
InðrÞInðr0Þ ð14Þ

The principal components of Γ(r, r′) ≡ Γ are found by perform-
ing a singular value decomposition

Γ ¼ UΣV� ð15Þ

The first column of U is the largest principal component of Γ and
relates to the background term. The next two columns yield Isin(r)
and Icos(r). We recover the phase using

ϕðrÞ ¼ arctan
IsinðrÞ
IcosðrÞ

� �

ð16Þ
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