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Long baseline interferometry at optical and infrared wavelengths can now routinely reach milliarcsecond angular resolutions, and thus resolve the apparent disk
of nearby pulsating stars. We here discuss the type of pulsating stars whose angular diameter can be measured by interferometry. Their changing photospheric
angular diameter is a particularly valuable observable, as it is insensitive to interstellar reddening. Angular diameter measurements thus allow for an accurate
calibration of their effective temperature. We integrated the interpretation of this
novel observable, together with radial velocities and photometric measurements,
in the “Spectro-Photo-Interferometry of Pulsating Stars” (SPIPS) modeling tool.
We briefly present the SPIPS algorithm and its application to the long period
Cepheid RS Puppis.

1

Introduction

Nearby pulsating stars are classical targets for optical interferometry, as this observing technique provides accurate measurements of their changing angular diameters.
We first discuss the types of pulsators that are accessible to interferometric measurements (Sect. 2). We then present the joint use of interferometric angular diameters
with spectroscopy and photometry (the SPIPS algorithm) for Classical Cepheids
(hereafter CCs; Sect. 3).
2

Observability of Pulsating Stars by Interferometry
2.1

Performances of optical interferometers

The current generation of optical interferometers has maximum baseline lengths, B,
of 140 m (VLTI; Mérand et al., 2014) to 330 m (CHARA array; ten Brummelaar
et al., 2005, 2016) and usually operates between the visible and near-infrared domains (λ ≈ 0.6 − 2.4µm). The future VLTI/MATISSE instrument will reach the
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Fig. 1: Observable pulsating stars using the current generation of optical interferometers
in the Hertzsprung-Russell (HR) diagram. The regions corresponding to different classes
of pulsating stars are labeled, and the limits of the instability strip are represented using
dashed lines. The black dots represent the stars whose angular diameter can be measured
with an accuracy better than 2%.

thermal infrared domain (Matter et al., 2016; Wolf et al., 2016). This combination
translates into an angular resolution λ/B of 0.3 to 3 milliarcseconds in the visible
and near-infrared. To estimate the range of pulsating stars that are observable using
the current interferometers, we considered the typical case of a near-infrared beam
combiner (λ = 2.2 µm) and a B = 300 m baseline length. We here assume that the
instrument provides a measurement of the squared visibility, V 2 , with an accuracy
of 2%, which is a slightly conservative figure (Coudé du Foresto et al., 1997; Kervella
et al., 2004a; ten Brummelaar et al., 2013; Gravity Collaboration et al., 2017).
2.2

Resolvable stars in the Hertzsprung-Russell diagram

In order to crudely estimate the angular diameter of each star, we used visibleinfrared surface brightness-color relations (Kervella et al., 2004b). These empirically
calibrated relations allow for the prediction of the angular diameter of stars with a
few percent accuracy (see also Boyajian et al., 2014; Graczyk et al., 2017; Adams
et al., 2018). We collected the V and K band magnitudes of the stars brighter than
mV = 6.5 from the Hipparcos (Perryman et al., 1997) and 2MASS (Cutri et al.,
2003) catalogues. This magnitude limit corresponds to a practical feasibility limit
in terms of angular resolution, as the photometric sensitivity of the instruments is
usually not a limiting factor for the observation of stars. To place the stars in the
HR diagram, we estimated the effective temperatures from the surface brightness202 ? PTA Proceedings ? June, 2018 ? vol. 6
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temperature relations calibrated by Kervella et al. (2004b). We considered that the
observation of a given star by interferometry is scientifically useful when its angular
diameter can be measured to an accuracy better than ±2%.
The resulting HR diagram is presented in Fig. 1. It is important to note that we
did not individually assess the variability of each considered star, that is, we simply
estimated their position in the HR diagram from their mean V and K magnitudes.
This implies that the represented stars do not necessarily belong to the specified
variable star classes. Another limitation is that we did not take individually into
account the interstellar reddening for each star.
2.3

Cool pulsators

The distribution of observable stars is inhomogeneous, with a large number of red
stars cooler than the red edge of the classical instability strip (semi-regular pulsators, Mira-like stars). This results from a combination of the statistical rarity of
the hotter star classes in the solar neighborhood, and of their physical properties in
terms of intrinsic brightness at infrared wavelengths and physical radius. Thanks
to their favorable brightness in the near-infrared and ubiquity, red giants have been
historically the subject of many interferometric studies. For instance, Lacour et al.
(2009) reconstructed interferometric images of the Mira star χ Cygni at four epochs,
showing the change in angular diameter over its pulsation cycle (P = 408 days), as
well as the presence of surface inhomogeneities. Ruiz Velasco et al. (2016) recently
presented a preliminary analysis of a large sample of 85 Miras observed at multiple
epochs with the Palomar Testbed Interferometer. It is interesting to note that Miras
and Type II Cepheids (Breitfelder et al., 2015) are the subject of a renewed interest as standard candles for the extragalactic distance scale (Macri, 2017; Bhardwaj
et al., 2017). Although their environment is often more complex than that of CCs
(presence of dusty envelopes), their relatively tight period-luminosity relations and
high infrared brightness make them favorable targets for future observations with the
JWST. The new generation of interferometric instrumentation (e.g., the GRAVITY
and MATISSE instruments of the VLTI) will enable a very detailed monitoring of
the pulsation cycle and close environment of these stars, potentially strengthening
their reliability as distance indicators.
2.4

Cepheids and RR Lyrae

As they are massive stars that undergo a fast evolution through the instability strip,
CCs are rare in the solar neighborhood, and therefore relatively distant in average.
This reflects on their observability using optical interferometry, as despite their large
physical radii, only approximately thirty CCs are resolvable by the current generation
of interferometers (Fig. 1; see also Moskalik & Gorynya, 2006). The first interferometric observations of a Cepheid, the prototype δ Cep using the GI2T instrument at
visible wavelengths, were reported twenty years ago by Mourard et al. (1997). Since
this pioneering effort, the progression of the performances of optical interferometers has enabled a considerable improvement in the accuracy of the measurement
of CC angular diameters (Lane et al., 2000; Nordgren et al., 2000; Kervella et al.,
2004c; Mérand et al., 2005; Jacob, 2008; Mérand et al., 2015; Breitfelder et al., 2016;
Kervella et al., 2017) and limb darkening (Mérand et al., 2006). Optical interferom-
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etry also allows us to probe the close environment of nearby pulsating stars for the
presence of stellar companions (Gallenne et al., 2013b, 2015, 2016) or circumstellar
envelopes (Kervella et al., 2009; Gallenne, 2011; Gallenne et al., 2013a).
The interferometric observability of RR Lyrae stars (RRLs) is less favorable than
that of CCs. Although RRLs are more common than CCs in the solar neighborhood,
their small linear radius (typically a few solar radii) results in a small apparent
size. The RRL that exhibits the largest angular diameter is the prototype RR Lyr.
According to Trahin et al. (2017), the mean angular diameter of this star is only
θ ≈ 0.2 mas, which is beyond the angular resolution of current interferometers.
Thanks to a combination of long observing baselines and visible wavelengths, the
FRIEND instrument project (Berio et al., 2014; Martinod et al., 2016) will soon
make it possible to measure the angular diameter of a sample of nearby RRLs.
3

Robust Cepheid Distances Using Interferometry: the SPIPS Algorithm

The parallax-of-pulsation (PoP, or Baade-Wesselink) method is a classical way to
measure Cepheid distances: by combining an angular and a linear measurement
of the size variation, we can derive the distance in a quasi-geometrical way. This
technique has demonstrated its potential to reach an accuracy better than 5% on the
ratio d/p of the distance d and the spectroscopic projection factor p (p-factor), as
shown by Mérand et al. (2005) on the prototype δ Cep. A discussion of the properties
of the p-factor can be found in Nardetto et al. (2017b) and Nardetto et al. (2017a).
The parameters d and p are 100% correlated and cannot be disentangled using the
PoP technique alone. However, based only on interferometry and radial velocities,
this simple implementation leaves out important observables. We thus developed a
modeling tool to extend the robustness of the PoP technique: the Spectro-PhotoInterferometry of Pulsating Stars code (SPIPS; Mérand et al., 2015).
A SPIPS analysis integrates the available observables (e.g., photometry, interferometry, spectroscopic radial velocities and effective temperatures) in a consistent
model of the Cepheid pulsation, from which the ratio d/p, color excess E(B − V )
and other parameters are derived. Instead of using only the radial velocities and the
angular diameter measurements, we include, in addition, in SPIPS the photometry
(in all possible systems) and other observables from the literature (e.g. Teff from
spectroscopy). These measurements are optional, but they make it possible to detect, for instance, the presence of infrared excess due to circumstellar emission. In
this algorithm, the key advantage of interferometrically measured angular diameters
is that they are independent of interstellar reddening. This means that they resolve
the partial degeneracy between the color excess E(B − V ) and the effective temperature of the star. Within the SPIPS code, we take particular care to propagate
the systematic uncertainties and the correlations between the different observables
(interferometric calibrator sizes, systematic photometric biases, etc.). As a result,
the derived parameter accuracy is in general not limited by statistical errors, but by
well estimated systematics of various origins.
However, interferometric angular diameters alone do not resolve the degeneracy
between the distance and the p-factor, and we still need an independent distance
measurement for that purpose. An example of the result of a SPIPS fit on the
long-period Cepheid RS Puppis is presented in Fig. 2. This star is a special case
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Fig. 2: SPIPS algorithm applied to the long-period Cepheid RS Pup (Kervella et al., 2017).

as its distance d = 1910 ± 80 pc was measured by Kervella et al. (2014) using the
spectacular light echoes that propagate in its circumstellar dusty envelope. As the
distance to this star is known independently, the SPIPS fit gives access to the p-factor
of the star, p = 1.25 ± 0.06 (Kervella et al., 2017). Other implementations of the
SPIPS algorithm, when the distance to the studied CCs is known (Breitfelder et al.,
2016; Gallenne et al., 2017), as well as determinations from the modeling of eclipsing
binaries (Pilecki et al., 2013; Gieren et al., 2015), point at a mild dependence of the
p-factor as a function of the pulsation period. In early 2018, the publication of the
second Gaia data release will provide a large sample of several hundred accurate
parallaxes of CCs. This will allow us to determine their projection factors using
the SPIPS algorithm, in particular those of the sample of nearby CCs that can be
resolved by optical interferometry. This in turn will improve the reliability of the
PoP technique to determine CC distances, potentially up to large distances in the
local group using the coming generation of extremely large telescopes.
4

Conclusion

Optical interferometry has a strong but yet incompletely realized potential to contribute to our knowledge of pulsating stars. Miras and similar cool giant pulsators
have long been studied by interferometry, and the new insights on their close environment from the new generation of beam combiners will likely improve their
usability as standard candles to determine extragalactic distances. RR Lyrae stars
are currently beyond the reach of interferometric measurements due to their small
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angular diameters, but there are good prospects that the next generation of interferometric instruments operating at visible wavelengths will measure accurately their
rapidly-changing apparent size. In combination with Gaia parallaxes, interferometric
angular diameter measurements of Classical Cepheids have the potential to establish
the Parallax-of-Pulsation technique on solid foundations, making it a precision tool
to measure distances to local group galaxies with extremely large telescopes.
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