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Abstract. Stellar intensity interferometry consists in measuring the correlation of the light intensity fluctu-
ations at two telescopes observing the same star. The amplitude of the correlation is directly related to the
luminosity distribution of the star, which would be unresolved by a single telescope. This technique is based
on the well-known Hanbury Brown and Twiss eVect. After its discovery in the 1950s, it was used in astronomy
until the 1970s, and then replaced by direct (“amplitude”) interferometry, which is much more sensitive, but
also much more demanding. However, in recent years, intensity interferometry has undergone a revival. In
this article, we present a summary of the state of the art, and we discuss in detail the signal-to-noise ratio of
intensity interferometry in the framework of photon-counting detection.

Résumé. L’interférométrie d’intensité stellaire consiste à mesurer la corrélation entre les fluctuations d’in-
tensité de la lumière captée par deux télescopes observant la même étoile. L’amplitude de la corrélation est
directement liée à la taille de l’étoile, qui ne serait pas résolue par un seul télescope. Cette technique est basée
sur le célèbre eVet Hanbury Brown et Twiss. Après sa découverte dans les années 1950, elle a été utilisée en as-
tronomie jusque dans les années 1970, puis remplacée par l’interférométrie directe (ou d’amplitude), qui est
beaucoup plus sensible, mais aussi beaucoup plus exigeante techniquement. Cependant, depuis quelques
années, l’interférométrie d’intensité connaît un renouveau. Dans cet article, nous présentons un résumé de
l’état de l’art et nous discutons en détail du rapport signal à bruit de l’interférométrie d’intensité dans le cadre
de détecteurs en comptage de photons.
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1. Short review on stellar intensity interferometry

1.1. Historical work by Hanbury Brown and Twiss

The history of intensity interferometry and photon correlation is closely related to the develop-
ment of modern quantum optics. After Einstein introduced the concept of light quanta, the way
to reconcile this corpuscular picture with interference phenomena was to consider that photons
always interfere with themselves. Until the 1950s, the notion of multiparticle interference was
unknown to most physicists. This view was deeply transformed thanks to the pioneering work
of Hanbury Brown and Twiss (HBT) [1,2], whose experiments challenged traditional ideas. Their
results on intensity correlations were finally recognized as key milestones towards our under-
standing of the quantum nature of light, and triggered the development of the quantum theory
of optical coherence [3–5].

The first demonstration of intensity correlation in the optical domain occurred with a labo-
ratory demonstration [1]. Shortly after, they applied this technique to starlight [2], successfully
measuring the angular size of the star Sirius. To this end, light was detected at two telescopes, as
shown in the top-left picture of Figure 1, and then correlated as follows:

g (2)(¿,r ) ˘
›

I1(t ) I2(r, t ¯¿)
fi

hI1ihI2i , (1)

with I1 and I2 the intensity collected by the two telescopes, ¿ the time lag between them, r the
projected baseline between the telescopes, and with h ¢i corresponding to the averaging over
time t . For chaotic light, a classical explanation can relate this intensity correlation function to
the electric field correlation function,

g (1)(¿,r ) ˘
›

E?
1 (t )E2(r, t ¯¿)

fi
hpI1I2i . (2)

The so-called Siegert relation [6,7] states:

g (2)(¿,r ) ˘ 1 ¯ flflg (1)(¿,r )
flfl2 (3)

with
g (1)(¿,r ) ˘ V (r )g (1)(¿), (4)

where V (r ) is the “visibility”, i.e., the contrast of the interference fringes if the light from the
two telescopes were combined. The first-order time correlation is directly given by the Fourier
transform of the light power spectrum (Wiener–Khinchin theorem), while the visibility as a
function of the spatial separation r is the Fourier transform of the luminosity distribution of the
source (van Cittert–Zernike theorem) [8]. For example, for a uniform disk distribution of angular
diameter µ, flflV (r )

flfl2 ˘
•

2J1(…r µ/‚)

…r µ/‚

‚2

, (5)

where J1 is the Bessel function of the first kind and ‚ is the observation wavelength. The
measurement of g (2)(¿,r ), therefore, provides spatial information on a source that would be
unresolved with a single telescope, and without the need for direct interference.

However, these first results obtained by HBT were met with great skepticism (see [9] for a
historical review of the controversy). A notable feature of the early HBT experiments was that they
were performed with continuous wave detection. In this regime, photons were not required to
explain the observed results, as the classical wave theory of light is suYcient. The instantaneous
intensity I (t ) could be interpreted as the probability of detecting light at a given moment, without
invoking the concept of discrete photons. Nevertheless, when intensity interferometry was
considered in the photon-counting regime, the classical framework could no longer fully account
for the results, and a quantum description became necessary.
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In 1956, Purcell provided a theoretical insight: photon bunching, observed in intensity corre-
lation measurements with g (2)(r ˘ 0, ¿ ˘ 0) ¨ 1, was a natural consequence of the Bose–Einstein
statistics obeyed by photons as bosons [10]. HBT further developed this interpretation [11], as
did Kahn [12], and the eVect was experimentally confirmed in a photon-counting experiment by
HBT themselves [13] and by Pound & Rebka [14]. Slightly later, Fano introduced another inter-
pretation, framing the phenomenon in terms of two-photon interference [15]. Together, these
contributions deepened the understanding of photon statistics and light’s quantum nature, and
intensity correlation is now a tool that is widely used to probe the quantum nature of light.

The use of spatial intensity correlations was then widely applied by HBT in the 1960s and
1970s. Since the amplitude of the bunching peak g (2)(r,¿ ˘ 0), obtained by correlating the light
detected by two telescopes separated by a projected baseline r , is directly proportional to the
squared modulus of the visibility (eqs. (3) and (4)), one has access to the star’s diameter. This
approach allowed the measurement of the angular diameter of 32 stars using the Narrabri Stellar
Intensity Interferometer in Australia [16].

Despite its success, the technique was ultimately replaced by amplitude interferometry, pio-
neered by A. Labeyrie, who obtained first fringes on Vega in 1975 at Calern (France) [17]. Un-
like stellar amplitude interferometry, which involves directly combining light from multiple tele-
scopes to produce interference fringes and demands precise control of path-length diVerences at
the scale of an optical wavelength, stellar intensity interferometry (SII) is phase-insensitive and
simpler to implement. However, this simplicity comes at the cost of significantly lower sensitivity
(i.e. signal-to-noise ratio) compared to amplitude interferometry, which has, to date, restricted
its application to the observation of very bright stars [16].

1.2. Modern revival of intensity interferometry

Thanks to advancements in photonic components, eYcient single-photon counting detectors,
fast electronics, and digital correlators, there is currently significant interest from various re-
search groups in reviving stellar intensity interferometry (SII) using modern photonic tech-
nologies. One promising approach to implementing stellar intensity interferometry involves
Cherenkov telescope arrays, principally designed for ground-based gamma-ray astronomy, such
as CTAO (see, e.g., [18], and references therein).

These arrays oVer two key advantages. First, their large collectors, with diameters of more
than 10 meters, enable the capture of a significant number of photons, improving the signal-to-
noise ratio and allowing, in particular, access to fainter stars. Secondly, their spatial arrangement
enables correlation measurements across a wide range of baselines with a two-dimensional
distribution. While intensity interferometers can only measure the squared modulus of the
electric field’s correlation function — thereby losing phase information and making direct star
image reconstruction impossible1 — the use of an interferometer with varying baselines in two-
dimensional space can impose significant constraints on the source image [18].

Recently, successful measurements have been done using Cherenkov telescopes, with cur-
rently three main observatories operating with at least two telescopes each: H.E.S.S., MAGIC,
and VERITAS. The H.E.S.S. array in Namibia, consisting of 12 m diameter telescopes shown in the
top-right picture in Figure 1, measured the spatial coherence curves of two stars with two tele-
scopes, achieving angular diameter precision at the 10% scale [21], and demonstrated dual-band
(two colours) interferometry [22]. The MAGIC system is located at the Roque de los Muchachos
Observatory in La Palma, Spain, and features two telescopes with 17 m diameter parabolic re-
flectors. It enabled the first measurement of 13 stellar diameters in the 400–440 nm band and

1Accessing the Fourier phase is in principle feasible by measuring third order correlations [19,20], but this has not yet
been demonstrated due to a very low signal-to-noise ratio.
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Figure 1. Pictures of diVerent facilities used for intensity interferometry with large light
collectors. Top-left: the Narrabri observatory, with two telescopes set up on railroad tracks
to vary the baseline size and orientation [27]. Top-right: the H.E.S.S. site in Namibia with
Cherenkov telescopes 3 and 4 specifically used for intensity interferometry [21]. Bottom:
VERITAS array in Arizona with 4 Cherenkov telescopes [25].

a total of 22 stellar diameters [23,24]. Its sensitivity allowed for relative errors of a few percent,
which provides valuable astrophysical parameters beyond stellar diameters, such as the oblate-
ness of certain stars, yielding constraints on their rotational speeds, a key factor influencing their
structure and evolution [24]. Finally, VERITAS, a four-telescope array in Arizona with 12 m di-
ameter reflectors, with projected baselines between 35 and 170 m as shown in the bottom of Fig-
ure 1, measured the angular diameters of several stars, and for some of them for the first time
at visible wavelengths (416 nm) [25,26]. For example, their uncertainty of less than 4% allowed
them to show that the mean uniform disk angular diameter of fl UMa is smaller than those ob-
served at longer wavelengths, consistent with the expected stronger limb darkening at shorter
wavelengths.

A limitation of Cherenkov telescopes is their poor imaging quality, with typical angular point-
spread functions (PSF) of » 0.1–, corresponding to focal spot sizes of several mm or even cm. This
forces the use of large-area detectors (such as photomultiplier tubes) and sets a sensitivity limit
due to the sky background [28].

An alternative approach involves the use of optical telescopes of imaging quality [29]. This
method oVers several advantages, including a much smaller PSF, which enables eYcient coupling
of light into optical fibers. This also facilitates the use of high quantum eYciency detectors with
high timing resolution, along with narrow filters to enhance the contrast of the bunching peak,
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isolate emission lines, and reduce sky background. However, the number of photons collected is
lower compared to Cherenkov telescopes, as optical telescopes typically have smaller collecting
area. Consequently, the sensitivity of this technique must be signi�cantly improved to achieve
competitive performance.

Several groups have adopted this approach. Besides our group in Nice (see the next section),
this track has been followed by the Asiago Observatory (Italy). In 2021, using the 1.22-m Galileo
telescope and the 1.82-m Copernicus telescope, separated by nearly 4 km, they successfully
demonstrated the temporal correlation of Vega at zero baseline, along with measurements of
correlation on a projected baseline of approximately 2 km (but showing no bunching peak as
the star is fully resolved) [30]. Another experiment was conducted in 2022 at the Southern
Connecticut Stellar Interferometer using three portable 0.6-m Dobsonian telescopes equipped
with single-photon avalanche diode detectors. Observations with two telescopes detected a
correlation peak when observing unresolved stars, and with results consistent with partial or no
detection when using a baseline su Y cient to resolve the stars [31]. Finally, an experiment was
carried out at the 1.04-m Omicron telescope of the C2PU (Centre Pédagogique Planète Univers)
at Calern Observatory (France) by a team from Erlangen University in 2023. This experiment
achieved the successful observation of photon bunching for three bright stars, utilizing hybrid
photon detectors designed for single-photon detection with a large detection area and high
timing resolution [32]. More recently, they also observed spatial correlation between the two
C2PU telescopes.

Lastly, while one of the prime goals of the use of optical telescopes is to reach faint magnitudes
(up to magnitude 8 for current experiments, higher in the future) and sub-milliarcesond resolu-
tion, requiring baselines of up to a few kilometers (see, in particular, the project of a Swiss con-
sortium [33]), a complementary strategy involves the use of large arrays of small telescopes [34].
Although the smaller aperture limits the signal-to-noise ratio and restricts observations to very
bright stars, the ability to construct an array with a large number of telescopes and numerous
short baselines could enable precise image reconstruction of bright giant stars [35–37]. Moreover,
a dedicated array could be used for long observing programs to reach fainter magnitudes, as the
signal from individual observations can be combined post-facto. Let us �nally note that this idea
of using many small apertures has also been proposed for Cherenkov telescopes by exploiting in-
dividual facets as independent sub-apertures and applying aperture synthesis techniques using
pairwise and triple intensity correlations [38].

1.3. Results of the Nice group

Our group, a collaboration of physicists and astronomers within the Université Côte d'Azur net-
work, began its work on SII in 2017, building on earlier research using intensity correlations to
study light scattered by hot atomic vapors [39]. Since then, we have achieved several notable
milestones. Thanks to the available facilities at Calern Observatory, we �rst observed the bunch-
ing peak in stellar light using a single telescope [40] and later performed SII with the two C2PU
telescopes (15 m baseline) shown on the left of Figure 2 [41]. These observations marked the
�rst successful intensity interferometry measurements of stars 2 since the Narrabri Observatory
era [16] and were the �rst to use photon-counting detection.

By employing narrow �lters centered on emission lines, we isolated �ne spectral features,
giving insights into stellar physics. For instance, we conducted SII measurements on the H ® line
at ¸ Æ656.3 nm for stars such as P Cygni [43,44], Rigel [44], and ° Cas [45], con�rming and re�ning
earlier results from amplitude interferometry. When combined with spectroscopic observations

2With a single telescope, photon bunching was observed with Sun light slightly earlier by Tan and coworkers [42].
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Figure 2. Intensity interferometry performed by the I2C consortium at Calern Observatory
(France). Left: the two telescopes of C2PU, separated by 15 m, used for spatial intensity
interferometry. Right: the coupling device connected to the telescope's Cassegrain port. It
spectrally �lters the incoming light, separates the two polarization channels, and injects
the light into multimode �bers that feed photon detectors [44].

and radiative transfer modeling, this can also provide a precise distance estimate, as done, for
example, for P Cygni and Rigel with a slight adjustment of their distance [44], paving the way
towards an independent distance indicator for extragalactic sources [46].

Thanks to its compact design, as shown on the right picture of Figure 2, our SII apparatus is
portable and adaptable to various large telescopes. Demonstrating this versatility, we carried out
observation campaigns with a range of instruments: a 4.1 m telescope at SOAR in Chile [47], the
MéO 1.5 m telescope and a portable 1 m telescope at Calern Observatory [45], and two missions
at the VLTI in Chile, using Auxiliary Telescopes (ATs) with baselines of 49 m and later three ATs for
more advanced measurements [48].

One long-term goal is to develop an instrument capable of performing interferometric mea-
surements across visible wavelengths (B, V, R, I bands) with sensitivity to stars brighter than mag-
nitude 8 when deployed on major facilities. Achieving this goal requires a signi�cant enhance-
ment of the sensitivity of the current instrument, for instance, through wavelength multiplexing
and the use of even better detectors (see Section 2.4). A critical aspect in evaluating the future
potential is the determination of the signal-to-noise ratio.

2. The signal-to-noise ratio with single-photon detectors

After this overview of the state of the art, in this second part, we discuss in detail the signal-
to-noise ratio (SNR). We �rst recall HBT's well-known formula and its validity conditions, and
then how to adapt it and derive it in the photon-counting regime. We show numerical and
experimental data that validate our SNR equation. We also discuss experimental artifacts to be
avoided to reach the theoretical SNR and some limitations that are hard to avoid. Finally, we
discuss the on-going work to signi�cantly enhance the sensitivity by implementing wavelength
multiplexing with high-time resolution detectors.

2.1. HBT's formula

The SNR has been computed by HBT in a way adapted to their method for measuring the
correlations, i.e. with analogue electronics. They give a rather complicated expression in [49,
eq. (4.1)], which takes into account many factors, for instance, the partial loss of correlation due
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