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ABSTRACT

Aims. We aim at detecting and characterizing the main-sequence companions of a sample of known and suspected Galactic binary
Cepheids. The long-term objective is to accurately and independently measure the Cepheid masses and distances.
Methods. We used the multi-telescope interferometric combiners CHARA/MIRC and VLTI/PIONIER to detect and measure the
astrometric positions of the high-contrast companions orbiting 16 bright Galactic Cepheids. We made use of the CANDID algorithm
to search for the companions and set detection limits from interferometric observations. We also present new high-precision radial
velocity measurements which were used to fit radial pulsation and orbital velocities.
Results. We report the detection of the companions orbiting the Cepheids U Aql, BP Cir, and S Mus, possible detections for FF Aql,
Y Car, BG Cru, X Sgr, V350 Sgr, and V636 Sco, while no component is detected around U Car, YZ Car, T Mon, R Mus, S Nor, W Sgr,
and AH Vel. For U Aql and S Mus, we performed a preliminary orbital fit combining their astrometric measurements with newly ob-
tained high-precision single-line radial velocities, providing the full set of orbital elements and pulsation parameters. Assuming the
distance from a period-luminosity (P-L) relation for both Cepheids, we estimated preliminary masses of MU Aql = 4.97± 0.62 M� and
MS Mus = 4.63± 0.99 M�. For YZ Car, W Sgr, V350 Sgr, and V636 Sco, we revised the spectroscopic orbits using new high-precision
radial velocities, while we updated the pulsation parameters for BP Cir, BG Cru, S Nor, and AH Vel. Our interferometric observations
also provide measurements of the angular diameters, which can be used in a Baade-Wesselink type analysis.
Conclusions. We now have several astrometric detections of Cepheid companions. When radial velocities of the companions are
available, such systems will provide accurate and independent masses and distances. Orbital parallaxes with an accuracy better than
5% will be particularly useful for a better calibration of the P-L relation. The final Gaia parallaxes will also be particularly help-
ful for single-line spectroscopic systems, where mass and distance are degenerate. Mass measurements are necessary for a better
understanding of the age and evolution of Cepheids.
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1. Introduction

Classical Cepheids are mainly known as primary distance indi-
cators in the local Universe thanks to the period-luminosity
(P-L) relation discovered about a century ago (Leavitt
1908; Leavitt & Pickering 1912). Moreover, these pulsating

? Tables B.1–B.11 are only available at the CDS via anonymous ftp
to cdsarc.u-strasbg.fr (130.79.128.5) or via http://cdsarc.
u-strasbg.fr/viz-bin/qcat?J/A+A/622/A164
?? Based on observations made with ESO telescopes at Paranal and
La Silla observatory under programme IDs 091.D-0041, 094.D-0170,
190.D-0237(A) and 091.D-0469(A).

intermediate-mass stars provide fundamental constraints for
studying pulsation and evolution models (see e.g. Anderson et al.
2016a; Gillet 2014; Neilson & Ignace 2014; Prada Moroni et al.
2012; Bono et al. 2006). Now with actual precise photometric
and spectroscopic instruments, finer structures of Cepheids are
being revealed (see e.g. Derekas et al. 2017; Evans et al. 2015;
Anderson 2014), providing new information on these standard
candles. Yet, despite all instrument improvements, direct mea-
surements of the most fundamental stellar property, the mass, are
still missing for most of the Cepheids. It is necessary to obtain
an accurate and model-independent estimate of this parameter
as the overall lifetime and behaviour of a star is determined
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primarily by its mass. Measurements of Cepheid masses are even
more critical to constrain the long-standing mass discrepancy
problem, which is still not really understood. The most cited sce-
narios to explain this discrepancy between masses predicted by
stellar evolutionary and pulsation models are a mass-loss mecha-
nism during the Cepheid’s evolution, convective core overshoot-
ing, and rotation during the main-sequence stage (Anderson et al.
2014; Neilson et al. 2011; Keller 2008; Bono et al. 2006).

Cepheid masses are usually derived through the companion
mass, which is itself inferred from a mass-temperature relation.
The estimated masses are therefore model-dependent. A few
dynamical masses of Cepheids were measured in the Large Mag-
ellanic Cloud from eclipsing binary systems (Pilecki et al. 2018,
2013; Gieren et al. 2014; Pietrzyński et al. 2010), and already
provide some insight to settle the discrepancy between pulsation
and evolution models. In our Galaxy, only the mass of Polaris
and V1334 Cyg has been measured through the combination of
astrometric and spectroscopic measurements of its close com-
panion (Gallenne et al. 2018a; Evans et al. 2018a, 2008). Other-
wise, all companions were detected from the orbital effects on
the radial velocities (RVs) and the variability of the systemic
velocity, which provided the first information about the orbits.
However, only massive and close components can be detected
this way (see e.g. Moore 1929; Abt 1959; Szabados 1989,
1991). Spectra from the International Ultraviolet Explorer (IUE)
also provided useful information such as the spectral type of
some companions (see e.g Böhm-Vitense & Proffitt 1985; Evans
1992a), but this also suffers from observational bias as only UV
bright companions can be detected. However, UV wavelengths
seem to be the best option to detect lines from the orbiting com-
panions as most of them are main-sequence B stars, although the
task is complicated as they are often fast rotators with very broad
lines. At longer wavelengths, the Cepheid brightness outshines
the companion, making any detection with the current available
instruments challenging.

Recently, Kervella et al. (2019) searched for close-in com-
panions from the signature of their orbital motion on the proper
motion vector, i.e. by comparing the HIPPARCOS and Gaia proper
motions (PMs) to the mean PM. This work revealed a significant
number of new candidate companions and indicated a high bina-
rity fraction (close to 100%). For some of these candidates with
a known spectroscopic orbit, the combination of the PM and the
distance (assumed from a P-L relation) allowed the determina-
tion of the full set of orbital elements. With an assumed mass
for the Cepheids, it also provides approximate masses of their
companions.

Another issue in detecting Cepheid companions is the angu-
lar separation (.50 mas), which makes the detection from high-
contrast imaging instruments difficult. Adaptive optics (AO)
works in the infrared, and the flux ratio, f , at these wavelengths
between the companion and the Cepheid is only a few percent
( f < 1% in most cases), making it impossible to detect directly
faint components located within 100 milliarcseconds (mas). A
few wider companions, however, can be spatially resolved with
or without AO, as demonstrated by Gallenne et al. (2014a) and
Evans et al. (2013). A possible solution to detect such faint com-
ponents in the separation range 50 < r < 100 mas would be to
use aperture masking, which can yield contrast ∆K ∼ 6 mag at
λ/D (Kraus & Ireland 2012). The best technique for r . 50 mas
is long-baseline interferometry (LBI), which can reach contrast
∆H ∼ 6 mag. Gallenne et al. (2015, 2014b, 2013) proved the effi-
ciency of LBI by detecting close faint companions of Cepheids,
down to ∆H = 5.3 mag ( f = 0.8%; Gallenne et al. 2014b).
Gallenne et al. (2015) also detected a companion as faint as

f = 0.22%, which is the faintest companion detected so far by
interferometry, but this value still needs to be confirmed.

The advantage of spatially resolving binary Cepheids lies in
the combination of the astrometric and spectroscopic measure-
ments, which provides an independent and reliable way to deter-
mine stellar masses and distances. But mass and distance are
degenerate parameters if the system is not a double-line spectro-
scopic binary. This is the case for most of the binary Cepheids
as usually RV measurements are made in the V band, and only
provide RVs of the Cepheid (the primary). As mentioned previ-
ously, RV measurements in the UV are more favourable to detect
lines of the companions, and combining such observations with
astrometry provides both the Cepheid mass and distance. How-
ever, broad features (many are fast rotators) and blended lines
in the spectra of the companions complicate the analysis, and
prevent the determination of accurate RVs. In a recent work,
we succeeded in determining RVs of the companion orbiting the
Cepheid V1334 Cyg using the Space Telescope Imaging Spec-
trograph (STIS) on board the Hubble Space Telescope (HST).
This work provides the most accurate distance for a Cepheid at a
1% accuracy level, and masses with 3% accuracy (Gallenne et al.
2018a). For systems where RVs measurements of the compan-
ions are still not possible, future Gaia parallaxes will allow us
to break the degeneracy between mass and distance, and we will
then be able to combine interferometry with single-line veloci-
ties to estimate dynamical masses of many Cepheids.

We are engaged in a long-term interferometric observing
programme to detect and follow up close faint companions orbit-
ing the brightest Galactic Cepheids. This programme has already
provided new information for four Cepheids and their respective
companions (Gallenne et al. 2015, 2014b, 2013). We are also
engaged in an ultraviolet and visible spectroscopic observing
campaign that aims at detecting the companion lines and mea-
sured contemporaneous high-precision RVs.

In this fourth paper, we report new interferometric obser-
vations of 16 Galactic Cepheids. We used the multi-telescope
combiners CHARA/MIRC and VLTI/PIONIER, which offer the
best (u, v) coverage and sensitivity to detect faint companions
in both the northern and southern hemisphere. The observations
and data reduction are described in Sect. 2. In Sect. 3, we use
the CANDID1 tool (Gallenne et al. 2015) to search for compan-
ions using all available observables and then derive the detec-
tion sensitivity. We discuss our results for each individual binary
Cepheid in Sect. 4, in which we also analyse new high-precision
RV measurements. We conclude in Sect. 5.

2. Observation and data reduction

To spatially resolve faint companions, we need a high-precision
multi-telescope recombiner. High-precision is required because
the variations in the signal caused by a faint component have
a small amplitude, while using several telescopes gives much
more simultaneous measurements to cover the (u, v) plane prop-
erly and improve the observing efficiency considerably. For this
purpose we used the CHARA/MIRC and VLTI/PIONIER com-
biners, allowing us to observe Cepheids in both hemispheres.

2.1. Northern interferometric observations

The observations were performed with the Michigan
InfraRed Combiner (MIRC) installed at the CHARA array
(ten Brummelaar et al. 2005), located on Mount Wilson,

1 Available at https://github.com/amerand/CANDID
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Table 1. Journal of the observations.

Star UT Instrument Configuration Nsp NV2 , NCP Calibrators

U Aql 2012 Jul. 27 MIRC S1-S2-E2-W1-W2 8 1088, 662 HD 185124, HD 198001
2013 Sep. 14 MIRC S1-S2-E2-W1-W2 8 560, 511 HD 184985, HD 196870
2016 Jul. 20 MIRC S1-S2-E2-W1-W2 8 1337, 1594 HD 177067, HD 178218, HD 188844

FF Aql 2012 Jul. 26 MIRC S1-S2-E1-E2-W1-W2 8 1496, 2000 HD 166230, HD 182807
U Car 2016 Mar. 07 PIONIER A0-G1-J2-J3 6 1018, 483 HD 96068, HD 98897, HD 100078

2017 Mar. 21 PIONIER A0-G1-J2-K0 6 1950, 1561 HD 98692, HD 98732, HD 99048
2017 Jun. 27 PIONIER A2-D0-J3-K0 6 583, 475 HD 90074, HD 90980, HD 98897

Y Car 2016 Mar. 06 PIONIER A0-G1-J2-J3 6 573, 362 HD 93307, HD 92156, HD 89839
YZ Car 2016 Mar. 05 PIONIER A0-G1-J2-J3 6 898, 458 HD 90246, HD 89517, HD 85253

2016 Mar. 06 PIONIER A0-G1-J2-J3 6 817, 524 HD 97744, HD 94256
BP Cir 2015 Feb. 17 PIONIER A1-G1-J3-K0 6 1620, 1080 HD 130551, HD 132209, HD 121901
BG Cru 2016 Mar. 04 PIONIER A0-G1-J2-J3 6 807, 556 HD 110532, HD 110924, HD 115669
T Mon 2016 Dec. 27 PIONIER A0-G1-J2-J3 6 323, 240 HD 43299, HD 45317

2017 Jan. 06 PIONIER A0-G1-J2-K0 6 360, 240
R Mus 2016 Mar. 07 PIONIER A0-G1-J2-J3 6 1060, 705 HD 109761, HD 101805, HD 125136
S Mus 2015 Feb. 16 PIONIER A1-G1-J3-K0 6 1980, 1320 HD 107013, HD 109761, HD 102969

2016 Mar. 05 PIONIER A0-G1-J2-J3 6 1046, 689 HD 112124, HD 105939, HD 107720
2017 Mar. 04 PIONIER A0-G1-J2-J3 6 1440, 960 HD 102534, HD 105939, HD 107720

S Nor 2016 Mar. 05 PIONIER A0-G1-J2-J3 6 1251, 833 HD 147075, HD 148679, HD 151005
2017 May 27 PIONIER B2-D0-J3-K0 6 872, 584 HD 146247, HD 145361, HD 148679
2017 Jun. 22 PIONIER A0-G1-J2-J3 6 1912, 1302 HD 147422, HD 144230, HD 145883

W Sgr 2017 Jun. 23 PIONIER A0-G1-J2-J3 6 1094, 1595 HD 162415, HD 163652, HD 169236
X Sgr 2017 May 27 PIONIER B2-D0-J3-K0 6 540, 360 HD 157919, HD 156992, HD 166295

V350 Sgr 2013 Jul. 10 PIONIER A1-G1-J3-K0 3 630, 392 HD 174774, HD 171960
2013 Jul. 14 PIONIER D0-G1-H0-I1 3 821, 546
2017 Jun. 22 PIONIER A0-G1-J2-J3 6 409, 201 HD 174423

V636 Sco 2013 Jul. 10 PIONIER A1-G1-J3-K0 3 322, 311 HD 154486, HD 159941
2015 Feb. 16 PIONIER A1-G1-J3-K0 6 936, 237 HD 151337, HD 159217, HD 160113
2016 Mar. 06 PIONIER A0-G1-J2-J3 6 1183, 307 HD 149835, HD 152272, HD 155019
2016 Mar. 07 PIONIER A0-G1-J2-J3 6 672, 312
2017 May 27 PIONIER B2-D0-J3-K0 6 377, 582 HD 154250, HD 159285, HD 155019

AH Vel 2016 Dec. 28 PIONIER A0-G1-J2-J3 6 191, 195 HD 66080, HD 70195 , HD 73075
2017 Jan. 01 PIONIER A0-G1-J2-J3 6 1044, 696
2017 Jan. 27 PIONIER A0-G1-J2-J3 6 828, 552

Notes. NV2 and NCP: total number of squared visibilities and closure phases. Nsp: number of spectral channels. Adopted calibrator diameters are
listed in Table A.1.

California. The CHARA array consists of six 1 m aperture
telescopes with an Y-shaped configuration (two telescopes on
each branch), orientated to the east (E1, E2), west (W1,W2),
and south (S1, S2), providing a good coverage of the (u, v)
plane. The baselines range from 34 m to 331 m, providing a high
angular resolution down to ∼0.5 mas in H. The MIRC instrument
(Monnier et al. 2004, 2010) is an image-plane combiner, which
enables us to combine the light coming from all six telescopes
in K or H. The MIRC also offers three spectral resolutions
(R = 42, 150 and 400), which provide 15 visibility and 20 closure
phase measurements across a range of spectral channels.

We observed the Cepheids FF Aql (HD 176155, Ppuls =
4.47 d) and U Aql (HD 183344, Ppuls = 7.02 d) with five and six
telescopes. We used the H-band filter with the lowest spectral
resolution, where the light is split into eight spectral channels.
Table 1 lists the journal of our observations. We followed a stan-
dard observing procedure, i.e. we monitored the interferometric
transfer function by observing a calibrator before and/or after our
Cepheids. The calibrators, listed in Table 1, were selected using
the SearchCal2 software (Bonneau et al. 2006, 2011) provided
by the Jean-Marie Mariotti Center (JMMC).

2 Available at http://www.jmmc.fr/searchcal

We reduced the data using the standard MIRC pipeline
(Monnier et al. 2007), which consists of computing the squared
visibilities and triple products for each baseline and spec-
tral channel and allows us to correct for photon and readout
noises. Squared visibilities are estimated using Fourier trans-
forms, while the triple products are evaluated from the ampli-
tudes and phases between three baselines forming a closed
triangle.

2.2. Southern interferometric observations

We used the Very Large Telescope Interferometer (VLTI;
Haguenauer et al. 2010) with the four-telescope combiner
PIONIER (Precision Integrated Optics Near-infrared Imaging
ExpeRiment; Le Bouquin et al. 2011) to measure squared vis-
ibilities and closure phases of the southern binary systems. The
PIONIER instrument combines the light coming from four tele-
scopes in the H band, either in a broadband mode or with a low
spectral resolution, where the light is dispersed across six spec-
tral channels (three before December 2014). The recombination
provides simultaneously six visibilities and four closure phase
signals per spectral channel.

Our observations were carried out from 2013 to 2017
using the 1.8 m Auxiliary Telescopes with the largest available
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configurations, providing six projected baselines ranging from
40 to 140 m. PIONIER was set up in GRISM mode, i.e. the
fringes are dispersed into six spectral channels (three before
December 2014). As for MIRC, we monitored the interferomet-
ric transfer function with the standard procedure, which consists
of interleaving the science target by reference stars. The calibra-
tors were also selected using the SearchCal software, and are
listed in Table 1, together with the journal of the observations.

The data were reduced with the pndrs package described
in Le Bouquin et al. (2011). The main procedure is to com-
pute squared visibilities and triple products for each baseline and
spectral channel and to correct for photon and readout noises.

3. Companion search and sensitivity limit

We used the CANDID code developed by Gallenne et al. (2015),
which is a set of Python tools allowing us to search system-
atically for companions and estimate the detection limit using
all interferometric observables. Briefly, the first main function of
CANDID performs a 2D grid of fit using a least-squares algorithm.
At each starting position, the companion position, its flux ratio,
and the angular diameters (if components are spatially resolved)
are fitted. The CANDID code also includes a tool to estimate the
detection level of the companion in number of sigmas (assuming
the error bars in the data are uncorrelated). Uncertainties on the
fitted parameters are estimated using a bootstrapping function.
From the distribution, we took the median value and the maxi-
mum value between the 16th and 84th percentiles as uncertainty
for the flux ratio and angular diameter. For the fitted astromet-
ric position, the error ellipse is derived from the bootstrap sam-
ple (using a principal components analysis). The second main
function incorporates a robust method to set a 3σ detection limit
on the flux ratio for undetected components, which is based
on an analytical injection of a fake companion at each point
in the grid. Gallenne et al. (2015) provides more details about
CANDID.

Because of spectral smearing across one spectral channel,
we searched for companions with a maximum distance to the
main star of 50 mas. The spectral smearing field of view (FoV)
is defined by λ2/(B ∆λ), where λ is the wavelength of the obser-
vations, ∆λ the width of the spectral channels, and B the inter-
ferometric baseline. For our observation, we limited our search
within 50 mas, although the CANDID algorithm includes an ana-
lytical model to avoid significant smearing.

In the following, we search for companions using either
all observables (i.e. the squared visibilities V2, the bispectrum
amplitudes Bamp, and the closure phases CP) or only the clo-
sure phases. As explained by Gallenne et al. (2015), the CP is
more sensitive to faint off-axis companions (although depend-
ing on its location and the (u, v) coverage) and is also less
affected by instrumental and atmospheric perturbations than the
other observables. Fitting all of the observables can improve
the detection level because we add more information, but it
can also affect the results, depending on the magnitude of the
biases altering the V2 data. The detection of a companion is
claimed if the significance level is >3σ and consistent between
observables.

Although CANDID has implemented two methods to derive
the sensitivity limits, we only listed those given by the injection
method, which has been proven to be more robust for biased data
(see Gallenne et al. 2015). In this section we present the results
of the companion search for each individual stars. A detailed
discussion is presented in Sect. 4 for detected and non-detected
components.

3.1. U Aql

This 7.02 d period Cepheid has been studied for decades using
visible spectroscopy (see e.g. Sanford 1930; Szabados 1989;
Wilson et al. 1989; Bersier 2002). It is a well-known spec-
troscopic binary with an orbital period of 1856.4 d, first dis-
covered by Slovak et al. (1979), and then confirmed with the
determination of the orbital elements by Welch et al. (1987).
Observations using the IUE also detected the presence of a
hot companion (Böhm-Vitense & Proffitt 1985; Evans 1992b),
from which a spectral type of B9.8V has been estimated. This
would correspond to a flux ratio ∼0.45%3 (mean value as it also
depends on the pulsation phase of the Cepheid). According to
the orbital elements and the estimate of the orbital inclination
by Welch et al. (1987, i = 74◦, using the mass function and the
assumed masses 7 M� for U Aql and 2 M� for its companion),
the projected semi-major axis is expected to be ∼9 mas. This
value is consistent with the 9.5 mas estimate of Kervella et al.
(2019) using the values of the spectroscopic orbit and the PM
vectors (and assuming a mass of 5.2 M� for the Cepheid). The
available baselines at CHARA allow us to spatially resolve such
separation.

We obtained three measurement epochs spread over four
years, and a companion is detected at each epoch. For the first
observations, the seeing conditions were poor at ∼1.3′′. We
noticed that including Bamp leads to the detection of a companion
that is too bright ( f ∼ 2.5%) and is not consistent with the detec-
tion using CP+V2 or only CP, which give the exact same position
and flux ratio. We therefore decided not to use this observable
which is more affected by the atmospheric conditions. The detec-
tions using the CPs only and CP + V2 give similar levels, 3.1σ
and 2.8σ, respectively. For the second epoch, the atmospheric
conditions were better (∼0.7′′), and a companion is detected at
more than 5σ in all observables. For the last epoch, the detection
level ranges between 1.5σ and 2.9σ. Although the significance
level is low, the detection is well localized and the derived flux
ratio seems consistent with our previous observations. The val-
ues are listed in Table 2. Although additional observations are
necessary to confirm, a tentative orbital fit is discussed in Sect. 4.

As previously explained, we estimate the 3σ sensitivity lim-
its with CANDID (i.e. by injecting fake companions with various
flux ratio at all azimuth) to detect a possible third component
by analytically removing the detected companion for all epochs
(see Gallenne et al. 2015). In Table 3, we calculated conservative
values corresponding to the mean plus the standard deviation for
the given radius ranges r < 25 mas and r < 50 mas. We found no
companion with a flux ratio higher than 0.6% within 50 mas.

We also measured the angular diameter for a uniform disc
model; its value is reported in Table 2. We estimated the uncer-
tainty using the conservative formalism of Boffin et al. (2014) as
follows:

σ2
θUD

= Nspσ
2
stat + δλ2θ2

UD, (1)

where Nsp is the number of spectral channels. The first term takes
into account that the spectral channels are almost perfectly cor-
related, and δλ= 0.0025 or 0.0035, coming from the fact that the
absolute wavelength calibration is precise at a 0.25% level for
MIRC (Monnier et al. 2012) and 0.35% for PIONIER (Gallenne
et al. 2018b; Kervella et al. 2017). The statistical error from the
bootstrapping technique isσstat (bootstrap on the modified Julian

3 Converted using the grid of Pecaut & Mamajek (2013, see
also Pecaut et al. 2012 and http://www.pas.rochester.edu/
~emamajek/EEM_dwarf_UBVIJHK_colors_Teff.txt) and the aver-
age Cepheid magnitudes (Storm et al. 2011; van Leeuwen et al. 2007).
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Table 3. Average contrast limits of 3σ of in the H band using all observables or only the closure phases.

∆H (mag)
All CP Sp. Type Instrument

r < 25 mas r < 50 mas r < 25 mas r < 50 mas upper limit

U Aql 2012-07-27 4.6 4.3 4.7 4.4 B6V B3V MIRC
2013-09-14 5.8 5.5 5.5 5.5 B9V B9V
2016-07-20 5.5 5.4 5.6 5.2 B9V B9V

FF Aql 2012-07-26 5.3 4.8 5.7 5,3 A3V A0V MIRC
U Car 2016-03-07 5.7 5.6 6.0 6.0 B2V B2V PIONIER

2017-03-21 4.9 4.6 5.5 5.2 B1V B1V
2017-06-27 5.1 4.8 5.8 5.7 B2V B2V

Y Car 2016-03-06 5.1 5.0 4.0 4.0 A0V A0V PIONIER
YZ Car 2016-03-05 5.0 5.3 4.6 4.4 B2V B2V PIONIER

2016-03-06 5.2 5.4 4.2 4.4 B2V B3V
combined – – 4.8 4.7 B2V B2V

BP Cir 2015-02-17 5.0 4.7 4.9 4.6 A6V A5V PIONIER
BG Cru 2016-03-04 5.1 4.9 5.3 5.3 A2V A2V PIONIER
T Mon combined – – 4.9 4.7 B1V B1V PIONIER
R Mus 2016-03-07 4.8 4.4 5.1 5.0 B8V B8V PIONIER
S Mus 2015-02-16 4.6 4.2 6.0 5.8 B9V B9V PIONIER

2016 Mar. 05 5.2 5.2 5.1 5.0 B6V B6V
2017 Mar. 04 5.0 4.8 5.0 4.6 B6V B3V

S Nor 2016-03-05 5.1 4.8 5.3 5.1 B6V B5V PIONIER
2017 combined – – 5.6 5.3 B7V B5V

W Sgr 2017-06-23 4.8 4.5 5.2 5.1 B8V B8V PIONIER
X Sgr 2017-05-27 4.7 4.4 5.4 5.3 B8V B8V PIONIER

V350 Sgr 2013 combined – – 5.3 5.0 B9V B8V PIONIER
2017-06-22 4.8 4.9 4.3 4.8 B8V B8V

V636 Sco 2013-07-10 5.1 4.9 5.0 4.6 B8V B8V PIONIER
2015-02-02 5.3 5.1 5.6 5.6 B9V B9V

2016 combined – – 5.8 5.8 B9V B9V
2017-05-27 5.3 5.2 5.3 5.2 B8V B8V

AH Vel combined – 5.5 5.3 A1V A0V PIONIER

date of the calibrated data, with replacement) using 1000 boot-
strap samples. We then took from the distributions the median
and the maximum value between the 16% and 84% percentiles
as the uncertainty, although the distributions were roughly sym-
metrical. We used this formalism for all Cepheids in this paper.
We note that the precision of the angular diameter measurement
depends on how far down the visibility curve is sampled, so
smaller stars have lower precision.

3.2. FF Aql

This Cepheid is possibly a member of a quadruple system,
which has a spectroscopic and two wide companions. While the
spectroscopic component is well known (see e.g. Abt 1959;
Szabados 1977; Evans 1990; Benedict et al. 2007), the exis-
tence of the wide companions possibly located at ∼0.2′′ and
∼6.5′′ is more uncertain (for a more detailed discussion of these
components, see Gallenne et al. 2014a). From our data, these
possible wide companions are not detected, first because of
the spectral smearing FoV, and second because of the Gaus-
sian single-mode fibre transmission profile. The spectroscopic
component was first discovered by Abt (1959), who derived an

orbital period of 1435 days. Additional RVs later enabled us to
slightly revise the orbit (Evans 1990; Gorynya et al. 1998).

Our observations are more suitable to detect this spectro-
scopic companion, which has a semi-major axis a = 12.8 mas.
This was derived by Benedict et al. (2007) from binary astromet-
ric perturbations in the fine guidance sensor (FGS) data on board
HST. Evans (1990) estimated the companion spectral type to
be between A9V and F3V, which give an approximate expected
flux ratio in the H band in the range 0.2–0.4%. Figure 1 shows
the 2D detection maps given by CANDID, and we see that our
MIRC observations do not show any signature of this compan-
ion with a detection level >3σ. We can see a marginal detection
at a 1.9σ level using all observables, while at 1.2σ with the clo-
sure phases only. However, although it is not statistically signif-
icant, the detection is well localized and the measured flux ratio
f ∼ 0.6% seems fairly consistent with that expected. Additional
data are necessary to confirm this detection, however. This posi-
tion of the companion is reported in Table 2, together with the
detection levels.

We also derived the 3σ sensitivity limits as previously
explained; they are listed in Table 3. In Fig. 2 we show this
contrast upper limit at 3σ using all observables. A maximum
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Fig. 1. χ2
r map of the local minima (left panel) and detection level map (right panel) of FF Aql using all observables. The yellow lines represent

the convergence from the starting points to the final fitted position (for more details see Gallenne et al. 2015). The maps were re-interpolated in a
regular grid for clarity. The yellow star denotes the Cepheid.
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Fig. 2. Contrast limit of 3σ for FF Aql.

contrast of 1:190 is reached within 25 mas. A more detailed dis-
cussion is presented in Sect. 4.

3.3. U Car

This long-period Cepheid (38.8 d) did not benefit from exten-
sive spectroscopic studies in the past, which is why its binarity
was revealed only by Bersier (2002). However, he only detected
a 10 km s−1 offset compared to the previous observations of
Coulson & Caldwell (1985) and there is no orbital solution yet.
This companion was also not detected by Evans (1992a) from
IUE observations, but she derived a spectral type limit for the
companion: it has to be later than A1V. This would correspond to
a very high contrast of ∆H & 8.7 mag. We also note that Kervella
et al. (2019) did not detect a significant anomaly in the PM vec-
tors, suggesting a very long period or a very low mass compan-
ion.

We performed three observations with PIONIER spread over
approximately one year (see Table 1). Because of the very high
contrast of the companion we do not detect it as our highest
detection level is 2.8σ (see Table 2). According to our contrast
limit listed in Table 3, we were only sensitive to companions
with a contrast lower than ∼6 mag with the best dataset.

In Table 2 we also report the angular diameters for a uniform
disc model for each epoch of observations.

3.4. Y Car

This short-period double-mode Cepheid is known to be a mem-
ber of a binary system from the Fourier analysis of the RVs
performed by Stobie & Balona (1979a), who could only esti-
mate a period ranging from 400–600 d because of an incom-
plete orbital coverage. The full spectroscopic elements were later
determined by Balona (1983) and measured an orbital period
of 993 ± 11 d. This was then refined by Petterson et al. (2004)
to 993 ± 2 d with new RV measurements. Its spectral type was
identified to be B9V by Evans (1992c) using the IUE satellite.
From HST/GHRS measurements, Bohm-Vitense et al. (1997)
measured its orbital velocity amplitude to estimate its mass to be
3.8 ± 1.2 M�. Kervella et al. (2019) derived a similar mass from
the analysis of the PM vectors. However, Evans et al. (2005) later
obtained HST/STIS spectra of this hot companion and found a
large variation in the RV in a short timescale, that is a 7 km s−1

change in 4 days. These authors interpreted this as the compan-
ion being itself a short-period binary system; the brighter com-
ponent is the B9V star.

Such a companion would correspond to ∆H ∼ 4.9 mag,
which is detectable with the current interferometric recombiner.
We observed the Y Car system with VLTI/PIONIER on March
2016 (see Table 1). We have a likely detection at 6σ using all
observables, while it is not detected at more than 2.4σ with
the CPs only (see Table 2). Our estimated contrast of ∼5 mag
is in agreement with that expected, however, additional obser-
vations are necessary to reach a firm conclusion about this
detection. We analytically removed this possible companion to
estimate the detection limit of a third component; these values
are listed in Table 3. We can exclude any brighter component
with ∆H . 5.1 mag.

3.5. YZ Car

From RV measurements, Coulson (1983a) discovered that this
long-period Cepheid (18.2 d) belongs to a binary system. He
derived the preliminary spectroscopic orbital parameters, giving
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Fig. 3. Same as Fig. 1 but for BP Cir, using all observables.

an orbital period of 850 d, and suggested a spectral type between
B5V and A5V for this companion. Evans & Butler (1993) later
tightened the range of spectral type to B8V-A0V from ultravio-
let spectra of the companion. Additional RVs were obtained by
Bersier (2002), but he did not revise the orbital elements. A new
orbit was fitted by Petterson et al. (2004), combining the RVs
of Coulson (1983a) with new measurements, and updated the
orbital period to 657 d. However, this is not consistent with Coul-
son’s value and neither with the last determination by Anderson
et al. (2016b) who derived Porb = 830 d, which agrees better
with Coulson (1983a). We discuss the possible origin of the dis-
agreement in Sect. 4. Analysis of the PM vectors (Kervella et al.
2019) provides an approximate mass of 1.9± 0.3 M�, which is
consistent with the expected range of spectral types.

This companion would correspond to a flux ratio in the
range 0.1–0.3%, which is challenging to detect in interferom-
etry. The PIONIER instrument was used on March 2016 and we
observed YZ Car two consecutive nights (see Table 1). Unfortu-
nately, the companion is not detected, even combining the two
datasets. According to our sensitivity limits (Table 3), we were
only able to detect companions with flux ratio >0.75% in the best
case.

3.6. BP Cir

BP Cir is a first overtone Cepheid with a pulsation period of
2.40 days. Its companion was first suggested by Balona (1981)
because the Cepheid appeared bluer in his surface brightness-
colour relation, although he did not detect orbital motion in
their RV measurements. Recent and more accurate velocity mea-
surements by Petterson et al. (2004) showed more scatter than
expected in the γ-velocity, but it was not sufficient to obtain reli-
able orbital solutions, suggesting a long orbital period. Such a
long orbit is consistent with the non-detection in the PM vectors
of Kervella et al. (2019).

The blue companion was detected from IUE spectra
(Arellano-Ferro & Madore 1985; Evans 1994), and a B6V star
best matches the observed spectra. Using the distance d =
850 pc from the K-band P-L relation for first overtone pulsators
(Bono et al. 2002, non-canonical model), we would expect a
H-band flux ratio around 3.2%.

Our PIONIER observations clearly reveal this companion
with a detection level higher than 50σ in all observables. The
detection maps are presented in Fig. 3, and clearly show the sec-
ondary at ρ ∼ 36.29 mas with a flux ratio f ∼ 3.2. Our fitted
values are reported in Table 2.

The companion was then analytically removed to derive the
detection limit for a possible third component. We can exclude
any companion with a flux ratio higher than 1.3% within 50 mas
(see Table 3).

3.7. BG Cru

BG Cru is a suspected spectroscopic binary with an orbital
period between 4000 and 6650 days (Szabados 1989). Orbital
elements are still unknown due to low-precision RVs and a
lack of long-term measurements. Evans (1992a) did not detect
this companion either from IUE spectra and she set an upper
limit on its spectral type to be later than A1V. From PM vec-
tor anomaly, Kervella et al. (2019) also flagged this Cepheid as
possible binary.

We observed this target with VLTI/PIONIER on 2016 March
4 with the largest available quadruplet. A candidate companion
is detected with a moderate detection level. With all observables,
we have a detection at 2.3σ, while we have 4.5σ with only the
closure phases. Furthermore, the projected separation and flux
ratio are consistent with each other, which gives us more con-
fidence in this detection. The values are listed in Table 2. This
possible detection needs to be confirmed with additional inter-
ferometric observations. The average 3σ sensitivity limits are
reported in Table 3 (after removing this possible detection). We
reached a maximum contrast of 1:130, i.e. a dynamic range of
5.3 mag in the H band.

3.8. T Mon

This long-period Cepheid (27.0 d) has an orbiting hot component
discovered by Mariska et al. (1980) from IUE observations, from
which they inferred the spectral type to be A0V. The binarity was
then confirmed from long-term variations in the RVs (Coulson
1983b; Gieren 1989), but owing to the very long orbital period
and low-precision RVs, different orbital parameters are found in
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the literature. Gieren (1989) estimated a period of 175 yr, which
is within the range given later by Evans et al. (1999), while the
more recent estimate seems to be around ∼89 yr (Groenewegen
2008). The spectral type of the companion was slightly revised
by Evans & Lyons (1994) to be B9.8V. The contrast would cor-
respond to ∆H ∼ 8.1 mag. It is worth mentioning that this com-
panion is also suspected to be a binary itself (Evans et al. 1999).
The small PM anomaly detected by Kervella et al. (2019) con-
firms the long orbital period.

The PIONIER observations of T Mon are listed in Table 1. We
have two observations separated by one month from each other.
Neither individual epoch provides significant detection larger
than 2.9σ (see Table 2). Combining these observations decreases
the detection level to 2σ (see Table 3). According to our detection
limits, our dataset is sensitive to a contrast <4.9 mag, and there-
fore explains that we do not detect this companion.

3.9. R Mus

Some evidence that this Cepheid is a spectroscopic binary was
given by Lloyd Evans (1982). This was also the conclusion of
Szabados (1989) from variations in the systemic velocity. Since
then, long-term monitoring of the RV of R Mus is still missing,
which results in a still unknown orbital period. Evans (1992a)
did not detect this companion from IUE spectra, and set an upper
limit to A0V for its spectral type. This translates to a flux ratio
.0.35% in the H band (∆H ∼ 6.1 mag). From the PM vectors
anomaly, Kervella et al. (2019) detected the signature of orbital
motion, likely due to this companion.

Our interferometric observations do not reveal this possible
companion. We found no significant detection at more than 1.6σ
(see Table 2). From our derived 3σ sensitivity limits, we noticed
that this dataset provides a dynamic range of ∆H ∼ 5 mag (see
Table 3).

3.10. S Mus

This 9.66 d period Cepheid is a known spectroscopic binary. The
duplicity was first suspected by Walraven et al. (1964) from
multi-colour photometry and by Lloyd Evans (1968) from RV
measurements. It was later confirmed by Stobie (1970). Several
other detections were later reported from IUE spectra and RVs,
providing some characteristics of the companion and the spec-
troscopic orbital solutions (Lloyd Evans 1982; Böhm-Vitense &
Proffitt 1985; Bohm-Vitense 1986; Bohm-Vitense et al. 1990;
Evans 1990; Petterson et al. 2004). This companion has one of
the shortest known orbital period for binary Cepheid systems,
which is ∼505 d.

The IUE and HST spectra allowed the mass ratio to be esti-
mated by measuring the orbital velocity amplitude of both com-
ponents (Bohm-Vitense 1986; Evans et al. 1994; Böhm-Vitense
et al. 1997). The latest refined value is Mcep/Mcomp = 1.14. The
spectral type of the companion was also estimated to be between
B3V and B5V, with an average of B3.8V, which would corre-
spond to a ∼5.2 M� star. This therefore provides an estimate of
the Cepheid mass of 5.9 M� (Böhm-Vitense et al. 1997). The
spectral type was then refined to B3V by Evans et al. (2004)
using FUSE spectra, providing a new estimate of the Cepheid
mass of 6.0 M�. The expected flux ratio in H for a B3V compan-
ion would be ∼1.2%. However, from the PM vectors, Kervella
et al. (2019) derived an approximate mass for the companion of
2.2 M�, which is not consistent with a B3V star, but with a later
spectral type.

We obtained three observing epochs with PIONIER (see
Table 1), and the companion is detected for all of these epochs
at more than 5σ. Our fitted astrometric positions are reported
in Table 2. Our measured flux ratio of ∼0.9% is in agreement
with the expected value and would correspond to a slightly later
spectral type. A more detailed discussion is presented in Sect. 4.

After removing the companion, we derived the detection
limit for a possible third component at each epoch. We can
exclude an additional companion with a flux ratio higher than
0.3% within 50 mas.

3.11. S Nor

This Cepheid is possibly a member of a multiple system. One
companion has been spatially resolved by Evans et al. (2013)
at a separation ∼0.9′′ and has an approximate orbital period of
∼8700 yr. Another possible wider and hotter component would
be located at ∼36′′, but the physical association is still uncertain.
Orbital motion in RVs is also suspected, maybe linked to another
component, but still needs to be confirmed. Szabados (1989)
estimated a range of orbital period for this spectroscopic com-
panion between 3300 and 6350 days, but that could not be con-
firmed by Bersier et al. (1994) who did not find orbital motion
larger than ∼0.3 km s−1 from high-precision spectroscopic mea-
surements. Groenewegen (2008) gathered literature data and
estimated an orbital period of 3584 days, but fixed the eccentric-
ity to zero. This value is in the range given by Szabados (1989).
Using the spectroscopic orbit of Groenewegen (2008) with PM
vectors, Kervella et al. (2019) estimated an approximate mass
of 1.5 M� for a close-in companion, which would correspond
to an ∼F0V star. From IUE spectra, Evans (1992b) detected a
hot companion with a spectral type equivalent to a B9.5V star
attributed to one of the wide components. A B9.5V star would
correspond to a flux ratio f ∼ 0.3%, but the wide components
are out of the interferometric FoV. If instead this bright com-
panion corresponds to the spectroscopic companion, we might
be able to detect it from interferometry, otherwise the F0V com-
panion would be more challenging to detect as we would have
f ∼ 0.1%.

We have three epochs of interferometric observations with
PIONIER separated by about one year (see Table 1). Unfortu-
nately, we do not have any detection at more than 2.3σ (see
Table 2). According to our detection limits listed in Table 3, a
companion with a flux ratio >0.6% would have been detected at
more than 3σ from our data. The best detection level is achieved
with the CPs by combining the two datasets of 2017, separated
by about a month. This is justified by the fact that the orbital
period of the spectroscopic component should be between 3300
and 6350 days (Szabados 1989), which would lead to an orbital
variation <1%.

3.12. W Sgr

This 7.6 d Cepheid is a member of a triple system, composed of a
wide and a spectroscopic component. The wide companion was
discovered from speckle interferometry by Morgan et al. (1978)
at a separation of 116 mas, and was later detected at a separa-
tion of 160 mas with the HST/STIS by Evans et al. (2009). The
same authors identified this wide companion to be the hottest
component of the system previously detected from IUE observa-
tions (Böhm-Vitense & Proffitt 1985; Evans 1991). Its spectral
type is A0V. The closest companion was discovered by Babel
et al. (1989) by combining several RV observations obtained
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over years and new accurate measurements from the CORAVEL
instrument. The first spectroscopic orbital elements have been
determined, including an orbital period of 1780 d. The orbit has
then been refined with years (Bersier et al. 1994; Petterson et al.
2004; Groenewegen 2008); the latest value is 1651 d. This com-
panion was also detected with the FGS on board the HST from
the orbital reflex motion of the Cepheid (Benedict et al. 2007).
This enabled the determination of the orbital inclination and
semi-major axis (12.9 mas). Benedict et al. (2007) also provide
an estimate for the Cepheid mass of 6.5 M� assuming a mass
from the companion spectral type. However, Evans et al. (2009)
set an upper limit for the spectral type of this companion to be
later than F5V, which in turn set an upper limit to the Cepheid
mass of 5.4 M�. An F5V companion would correspond to a con-
trast of ∼ 7.7 mag ( f ∼ 0.1%) and will be challenging to detect
from interferometry. The approximate mass derived by (Kervella
et al. 2019, 0.5 M�) is probably too small as it would correspond
to an ever later spectral type of M0V.

We observed W Sgr with PIONIER as backup target in 2017
(see Table 1). Unfortunately, the companion is not detected from
these observations; the most significant detection level is at 2.7σ
(see Table 2). Our estimated contrast limits shows that with this
dataset we were only sensitive to companions brighter than f ∼
0.8%.

3.13. X Sgr

The binary nature of this system was discovered by Szabados
(1990) who gathered RV data from the literature, although Lloyd
Evans (1968) already noticed a large scatter in the RVs. Because
of the low amplitude of the systemic velocity (K ∼ 2−3 km s−1),
the spectroscopic orbit determination is difficult, the latter work
however estimated an orbital period to be ∼ 507 d. This makes
the system among the shortest known orbital period binaries con-
taining a Cepheid component in our Galaxy. Evans (1992a) did
not detect this companion from IUE spectra and set an upper
limit for the spectral type to be A0V. Two additional RV obser-
vations were obtained by Bersier (2002), but were insufficient to
better constrain the orbit. Since then, no new RV measurements
have been published. Groenewegen (2008) recompiled all the RVs
from the literature to better constrain the orbital elements, forcing
the eccentricity to zero, and derived a period Porb = 573.6 d. From
HST/FGS observations, Benedict et al. (2007) measured the par-
allax of X Sgr to be π = 3.00 ± 0.18 mas (d = 333 ± 20 pc),
but a detectable perturbation in the Cepheid orbit due to the com-
panion has not been noticed. Kervella et al. (2019) detected the
signature of a companion from the PM vectors, and estimated an
approximate mass for the companion of 0.5 M�. Li Causi et al.
(2013) argued the detection of the companion at a separation of
10.7 mas with VLTI/AMBER, with a flux ratio of fK ∼ 0.6%, but
there is no indication about the detection level. Such contrast is
difficult to achieve with the current state-of-the art interferometric
recombiner, while AMBER is not designed to reach high-dynamic
range. This detection is just at the limit of what this instrument
can do, so this detection is uncertain. In addition, their angular
diameter estimates are not in agreement with the diameter varia-
tion (Breitfelder et al. 2016), where the minimum is around phase
0.8, while they found the opposite at both the minimum and maxi-
mum phases. We therefore suspect a spectral calibration problem
instead of a binary detection. Furthermore, the expected contrast
should be. 0.4% in K (about the same in H), and should be higher
at the maximum diameter.

We performed one observation with PIONIER (see Table 1),
and this companion should be detectable. We have a detection

at 5.8σ with the CPs only, while there is no detection using
all observables. Although the flux ratio is consistent with what
expected (0.4%, see Table 2), it is worth mentioning that two
other locations are also possible with similar detection level
(4.9 and 5.2σ), so unfortunately we still need confirmation with
additional data. We note that these additional locations are spu-
riously produced by the non-optimal (u, v) coverage, as the tele-
scope configuration was almost linear; as for V636 Sco, we were
also in a non-standard configuration because of strong wind pre-
venting the relocation. From our estimated 3σ detection limit
(Table 3), and after removing the possible companion, we can
however exclude a companion with a flux ratio larger than 0.7%.

3.14. V350 Sgr

This 8.82 d Cepheid has a well-known spectroscopic compan-
ion. It was confirmed by Gieren (1982) from RV measurements,
but was already suspected by Lloyd Evans (1980). Szabados
(1990) gave a first estimate of the orbital period (1129 d) by
gathering all RVs from the literature for this star. Supplementary
RVs over the years enabled the determination of the full spectro-
scopic orbital element and the refinement of the period to 1477 d
(see e.g. Evans et al. 2011). From IUE observations and spec-
tral template comparison, Evans (1992b) found that the spec-
tral type is best matched by a B9V star. This is consistent with
the approximate mass of the companion (3.4 ± 0.4 M�) derived
by Kervella et al. (2019) from the proper motion vectors. Using
spectra taken around minimum and maximum orbital phase with
the Goddard High Resolution Spectrograph (GHRS) on the HST
and assuming a mass for the companion (from a mass-luminosity
relation), Evans (2011) estimated a mass for this Cepheid to be
5.0 ± 0.7 M�. This is in agreement with the latest estimate from
Petterson et al. (2004) who derived 6.0 ± 0.9 M� with the same
method but using new RV measurements. Recently, Evans et al.
(2018b) refined the mass to 5.2± 0.3 M� using the same method
but from new HST/STIS spectra.

According to its spectral type, we should expect a H-band
flux ratio of ∼ 0.8% for this system. This is detectable with PIO-
NIER. We have three observations with this instrument, which
are listed in Table 1. The companion is likely to be detected in the
2013 data, but not in 2017, probably because of the lower quan-
tity of data acquired. The observations of 2013 July 10 have a
detection at 4.5σ only with all observables, but not with the clo-
sure phases only. We also noticed other possible locations with
similar detection levels. The observations of 2013 July 14 give a
detection with both observables and only the CPs, which is con-
sistent with the detection on July 10, giving more confidence in
this detection. As the orbital change is very small in four days
(<0.4%), we combined the data and fit all the CPs. We found the
same location with a detection level of ∼ 4σ. This is reported
in Table 2. The measured flux ratio of 0.55% is in agreement
with expectations, although slightly lower. For the 2017 obser-
vations, we do not have a detection at more than 1.5σ whatever
the observable. This might be due to a lower degree of freedom
or the location of the companion too close to the Cepheid to be
detected. In any case, additional observations are necessary to
fully conclude and have an astrometric orbit.

3.15. V636 Sco

The spectroscopic binary nature was first noticed by Feast
(1967), but no orbital parameters were derived at that time. The
same conclusion was reached by Lloyd Evans (1968) who sug-
gested an orbital period of ∼3.5 yr. This was later confirmed
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by Lloyd Evans (1980), who then followed with the deter-
mination of the orbital elements (Lloyd Evans 1982), includ-
ing an orbital period of 1318 days. Since then, the orbital
elements have been updated (see e.g. Böhm-Vitense et al. 1998;
Petterson et al. 2004); the latest value is 1362.4 days for the
orbital period. This companion was also detected from IUE spec-
tra by Böhm-Vitense & Proffitt (1985), from which they deter-
mined an approximate effective temperature of 9400 K. From
additional IUE observations, Evans (1992b) was able to estimate
the spectral type for the companion to be B9.5V. Böhm-Vitense
et al. (1998) obtained RV measurements around the maximum
and minimum orbital velocity using the HST, from which they
derived a mass for the Cepheid of 3.1 M� (assuming a 2.5 M�
companion). However, as this is too small for such a 6.8 d pulsat-
ing Cepheid, they concluded that the companion might be itself
a binary, making the V636 Sco system a probable triple sys-
tem. Until now, there is no additional evidence to support this.
Kervella et al. (2019) derived an approximate mass of 2.3 M�
for the companion, which is in good agreement with the B9.5V
companion (assuming a 5.1 M� Cepheid).

A B9.5V companion would give a flux ratio in H of ∼ 0.5%
(∆H ∼ 6 mag). To detect this companion, we obtained data from
2013 to 2017 (see Table 1), but we suffered from suboptimal
weather conditions. The observations of 2013 do not provide any
detection above 2.3σ level, probably due to the low quantity of
data obtained (see Table 2). In 2015, no signal is detected above
2.5σ. The 2016 data suffered from strong seeing variations (0.8-
1.5′′) and do not reveal this companion either. The 2017 obser-
vations give a detection at a 3.8σ level, although we were in
a non-standard telescope configuration because of strong wind
preventing the relocation. We note that when using all observ-
ables, another position gives a similar detection level. So this
detection should be considered preliminary.

3.16. AH Vel

The binarity of this 4.23 d period Cepheid has been suspected for
decades (Lloyd Evans 1968, 1982; Gieren 1977; Szabados 1989)
from some variations in the RVs, however the orbital period is
still unknown. No obvious trend in the residual of the RVs is
seen. Bersier (2002) obtained more precise RV measurements,
but only four points that were not enough to confirm the orbit.
Since then there has not been additional information about this
possible binary system. Recently, Kervella et al. (2019) detected
a strong signal in the residuals of the mean proper motion, which
is attributed to the close-in component.

We obtained three observing epochs with PIONIER with
about one month interval (see Table 1). We searched for a com-
panion in each epoch individually, but there is no detection at
more than 2.3σ. These observations were performed in service
mode with only a few consecutive observations for the first and
third observations (more are needed to detect faint companions),
so this non-detection is somewhat expected. The second obser-
vation (2017 Jan. 1), which benefited from a longer observ-
ing sequence (2 h), does not reveal this companion either. As
it is probably on a very long orbital period, we can combine all
epochs of closure phase data (not the V2 as the star has different
diameter at each epoch). Unfortunately, there is still no signifi-
cant detection at more than 1.2σ.

We estimated the detection limit from the method explained
previously, and are listed in Table 3 for the combined data. We
concluded that no companion with a contrast lower than 1:140 is
orbiting AH Vel within 50 mas.

4. Discussion

In this section we discuss our previous detections and set upper
limits for the spectral type of undetected components. We also
present new high-precision RV measurements, which we used to
revise the orbital and pulsation parameters.
U Aql. Our three epochs are consistent in terms of flux ratio,
i.e. it decreases when the Cepheid diameter increases, mak-
ing us confident about the detections. The average flux ratio
0.64 ± 0.14% (mean and rms of the three values) corresponds to
a B8–B9V companion4, which also agrees with the IUE obser-
vations (Evans 1992b). We can exclude (see Table 3) any other
companion earlier than a B9V star (after analytically removing
the detected companion) from our 3σ contrast limits.

Although the listed astrometric positions still need to be con-
firmed with additional observations, we performed a preliminary
orbital fit. As in Gallenne et al. (2013), we combined our astrom-
etry with new high-precision single-line RV data to solve for all
the orbital elements. We used new RVs obtained from 2012 to
2016 with the SOPHIE, CORALIE, and HARPS spectrographs
to better constrain the orbit with high-precision data. Data anal-
ysis and RV determination are explained in Appendix B, and
listed in Table B.1.

The orbital reflex motion of the Cepheid is simultaneously
fitted with the radial pulsation using Fourier series of order
n (n = 1, 2, . . . and depends on the shape of the Cepheid
velocity curve). We then followed the formalism detailed in
Gallenne et al. (2018a), who used a linear parametrization tech-
nique to solve for the orbital and pulsation parameters. The latter
is defined with

Vpuls =

n∑
i=1

[Ai cos(2πiφpuls) + Bi sin(2πiφpuls)]. (2)

Briefly, we used a Markov chain Monte Carlo (MCMC) fitting
routine5 using the set of nonlinear parameters Porb, Tp and e with
two other linear parameters (related to K1, vγ, and ω), together
with the pulsation parameters (Ppuls,T0, the Fourier parameters
An, Bn) and the astrometric Thiele-Innes constants (parametrized
in term of the orbital elements a, ω,Ω, and i). The names of these
variables are defined in Table 4. We adopted as best-fit param-
eters the median values of the distributions. We used the maxi-
mum value between the 16th and 84th percentiles as uncertainty
estimates, although the distributions were roughly symmetrical
about the median values. Zero point difference was corrected
as explained in Appendix B. First guess parameters were taken
from Welch et al. (1987, for the orbit, except Tp where we used
our median time value) and Samus et al. (2017, for the pulsa-
tion). The final result is plotted in Fig. 4 and the derived param-
eters are listed in Table 4. The systematic uncertainty from the
wavelength calibration of the interferometric data was taken into
account and was added quadratically to the error of the semi-
major axis. We did not use previous RVs measurements from the
literature for several reasons: 1) they are usually not very precise;
2) we wanted a dataset as uniform as possible, i.e. RVs estimated
in a homogeneous way; 3) the effect on the RVs of a possible
third component is reduced; and 4) we also avoid possible bias
from the changing pulsation period of the Cepheid by limiting
the time range. Although we find a slightly shorter orbital period,

4 As previously, interpolated from the grid of Pecaut & Mamajek
(2013).
5 Using the Python package emcee developed by Foreman-Mackey
et al. (2013).
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Fig. 4. Result of our combined spectroscopic and interferometric fit for U Aql. Left panel: fitted (solid lines) and measured primary (blue dots)
orbital velocity. Middle panel: fitted (solid line) and measured (blue dots) radial pulsation velocity. Right panel: relative astrometric orbit of
U Aql Ab.

Table 4. Final estimated parameters of the U Aql system.

Pulsation

Ppuls (days) 7.02414 ± 0.00004
T0 (JD)a 2447755.25

A1 (km s−1) −7.47 ± 0.56
B1 (km s−1) −12.84 ± 0.35
A2 (km s−1) −7.71 ± 0.13
B2 (km s−1) −1.36 ± 0.69
A3 (km s−1) −1.76 ± 0.35
B3 (km s−1) 2.52 ± 0.22
A4 (km s−1) −0.29 ± 0.24
B4 (km s−1) 1.37 ± 0.06
A5 (km s−1) 0.67 ± 0.10
B5 (km s−1) 0.47 ± 0.16
A6 (km s−1) 0.30 ± 0.03
B6 (km s−1) −0.02 ± 0.08

Orbit
We87b This work

Porb (days) 1856.4 ± 4.3 1831.4 ± 6.5
Tp (JD) 2442754 ± 38 2457575.3 ± 8.4

e 0.165 ± 0.027 0.193 ± 0.005
ω (◦) 190.5 ± 7.7 167.1 ± 1.9

K1 (km s−1) 7.81 ± 0.22 8.41 ± 0.04
K2 (km s−1)c – 24.05 ± 1.24
vγ (km s−1) 1.15 ± 0.15 1.31 ± 0.06

Ω (◦) – 133.8 ± 4.4
i (◦) – 115.4 ± 0.7

a (mas) – 10.06 ± 0.16
a (au) – 5.94 ± 0.22

M1 (M�) – 6.2 ± 0.8
M2 (M�) – 2.2 ± 0.2
d (pc)d – 592 ± 19

Notes. Porb: orbital period. Tp: time passage through periastron. e:
eccentricity. K1,K2: RV semi-amplitude of the primary and secondary.
vγ: systemic velocity. ω: argument of periastron. Ω: position angle of
the ascending node. a: semi-major axis. i: orbital inclination. M1,M2:
mass of primary and secondary. Ppuls: pulsation period. T0: reference
epoch of maximum light. Ai, Bi: Fourier parameters. (a)Held fixed dur-
ing the fitting process. (b)Welch et al. (1987). (c)Derived from the orbital
elements and the assumed distance. (d)Assumed from the P-L relation
of Storm et al. (2011).

our revised orbital values are in rather good agreement with the
previous determination of Welch et al. (1987) from less precise
RVs. The systemic velocity is in agreement within 1σ, although
the value from Welch et al. (1987) has a large uncertainty.

Unfortunately, the distance and masses of both components
are degenerate as RVs of the companion are still missing. How-
ever, we can have a first estimate of the masses if we assume the
distance d = 592±19 pc from the Cepheid P-L relation of Storm
et al. (2011). Masses are reported in Table 4; the uncertainties are
estimated from the MC simulations including the uncertainty on
the distance with a normal distribution centred on 592 pc with a
standard deviation of 19 pc. The Gaia parallax from the second
data release (GDR2; Gaia Collaboration 2018) was not adopted
as its value is very inconsistent with that expected; the value
1042± 114 pc is about a factor of two larger than expected. This
might be due to the binarity and the changing colour and bright-
ness over their pulsation cycle that is not properly taken into
account in the GDR2 astrometric pipeline processing.

Our derived mass of the companion is slightly smaller than
that derived by Evans (1992b, 2.3 M�) from a B9.8V spectral
type, but still in agreement within 1σ. Our value would be more
consistent with an ∼A0.5V companion. We note however that
the distance we used was estimated from an infrared surface-
brightness method from the Cepheid photometry, and can be
biased by several effects, as for instance the ignored photomet-
ric contribution of the companion or the value of the projection
factor. Our preliminary estimate of the Cepheid mass is in agree-
ment with what we expect from evolution models (∼5.7 M�,
Evans 2013), although our uncertainty is still large. The mass of
5.1 ± 0.7 M� inferred by Evans et al. (1998) from measuring the
orbital velocity amplitude is also consistent with our estimate.
FF Aql. The companion is detected with a low confidence level
of ∼2σ. FF Aql was observed with only one bracket (i.e. one
cal-sci-cal sequence), and such high-contrast companion usu-
ally needs several hours of observation to be strongly detected.
Based on our measured H-band flux ratio and using the distance
d = 356 pc (Benedict et al. 2007), a first estimate of the compan-
ion’s spectral type would be between B9.5V-F1V. This is consis-
tent with the expected spectral type of the companion A9V–F3V
from Evans (1990), although our estimate still depends on the
exact Cepheid brightness at that pulsation phase. We note that
we assumed main-sequence companions because from an evolu-
tionary timescale point of view, most of the companions orbiting
Cepheids should be stars close to the main sequence.
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Fig. 5. Result of our combined fit of the orbital and radial pulsation
velocity for FF Aql. Left panel: fitted (solid lines) and measured primary
(blue dots) orbital velocity. Right panel: fitted (solid line) and measured
(blue dots) radial pulsation velocity.

Table 5. Pulsation and orbital parameters of the FF Aql system.

Pulsation

Ppuls (days) 4.471036 ± 0.000015
T0 (JD)a 2436792.539

A1 (km s−1) −8.01 ± 0.10
B1 (km s−1) 0.26 ± 0.88
A2 (km s−1) 0.39 ± 0.21
B2 (km s−1) 0.91 ± 0.11
A3 (km s−1) 0.27 ± 0.04
B3 (km s−1) −0.08 ± 0.10
A4 (km s−1) −0.02 ± 0.03
B4 (km s−1) −0.06 ± 0.02

Orbit
Go95c This work

Porb (days) 1433 ± 5 1430.3 ± 2.6
Tp (JD) 2445381 ± 10 2458297.0 ± 13.5

e 0.09 ± 0.02 0.061 ± 0.007
ω (◦) 327b 316.0 ± 4.0

K1 (km s−1) 5 ± 0.5 4.824 ± 0.008
vγ (km s−1) −16 ± 0.5 −16.67 ± 0.04
a1 sin i (au) 0.66 ± 0.07 0.633 ± 0.002
f (M) (M�) 0.018 ± 0.006 0.0166 ± 0.0001

Notes. Parameters are the same as in Table 4. a1: semi-major axis of the
Cepheid’s orbit relative to the centre of mass. f (M): the mass function.
(a)Not fitted. (b)Uncertainty not given by the authors. (c)Gorynya et al.
(1995).

From our average 3σ contrast limits reported in Table 3, we
can also exclude any companion orbiting FF Aql within 50 mas
with a spectral type earlier than a B9V star. This is compatible
with Evans (1992a) who set an upper limit of A1V from an IUE
spectrum.

We also revised the spectroscopic orbit using new high-
precision RV measurements obtained from 2013 to 2017 with the
CORALIE, SOPHIE, and HERMES spectrographs. Data anal-
ysis and RV determination are explained in Appendix B and
listed in Table B.2. We also used the formalism detailed in
Gallenne et al. (2018a), but without the astrometric part. We also
did not use previous RV measurements from the literature for the
same reasons as explained before. As first guess parameters, we
used the values from Gorynya et al. (1995, for the orbit, except
Tp where we used our median time value) and Samus et al.
(2017, for the pulsation). The value T0 cannot be properly deter-
mined from RVs by definition, so we did not fit this parameter.

We corrected for the zero point difference to put the RVs con-
sistent with the CORALIE system, as explained in Appendix B.
The final result is plotted in Fig. 5 and the derived parameters are
listed in Table 5. The final rms is small with only 90 m s−1. Our
revised orbital parameters are in rather good agreement with the
literature, within 1.5σ (Groenewegen 2013; Gorynya et al. 1995;
Evans et al. 1990; Abt 1959).

We noticed a slight difference in the systemic velocity
between our estimate and that from Gorynya et al. (1995). This
might be linked to the wide companion, however, this might also
be from other non-astrophysical effects. We should be cautious
when studying long-term variations of vγ, unless a clear pattern
is observed. Differences in vγ of the order of 0.5–1 km s−1 might
be caused, for instance, to the way RVs are determined (cross-
correlation, bisector, . . . ), the mask used, and the instrument zero
points. In this paper we did not perform such a long-term study
as this is out of the scope of this paper and would require a com-
plete analysis of all available literature data.
U Car. The companion orbiting this Cepheid is below our
detection level. Our datasets enable us however to exclude any
companion with a flux ratio higher than 0.4%, which would
correspond to a spectral type earlier than B2V (see Table 3).
Y Car. Our possibly detected companion has a flux ratio of
∼0.94% and would correspond to a ∼A0V spectral type, which
is in rather good agreement with the ∼B9V derived by Evans
(1992c). Although additional data are still necessary to confirm,
this possible detection seems in a very close orbit as we mea-
sured a projected separation of ∼2.5 mas (∼3.5 au), as for S Mus.

We first estimated the 3σ detection limit using all observ-
ables and removing the possible companion (because we have a
detection), and second using only the CPs but without remov-
ing it (because there is no detection). We noticed that the clo-
sure phases alone provide a contrast limit lower than 4 mag (see
Table 3), which explains the non-detection with only this observ-
able. With all observables we add more constraints in this case,
which provide contrast limit of 5 mag (5.1 mag within 25 mas).
This enables us to exclude at 3σ any companion with a spectral
type earlier than A0V.
YZ Car. The faint companion orbiting this Cepheid is not
detected from our observations. Our 3σ detection limits (see
Table 3) show that any companion with a spectral type later than
B3V would not have been detected with this dataset, which is
consistent with the expected range of spectral type for the com-
panion (B8V–A0V).

New RV data were collected using the HARPS and
CORALIE instruments (details in Appendix B, and RVs listed
in Table B.3), which span from 2013 to 2015. We used the
same formalism as for FF Aql to fit both the pulsation and
orbital velocities. The pulsation phase coverage is not optimal
to well constrain the pulsation and orbital fits, so we added addi-
tional velocities from Anderson et al. (2016b), also obtained with
CORALIE from 2014 to 2016. Before combining the data, we
compared the systemic velocity of Anderson’s data with ours,
and we noticed a positive shift of 0.8 km s−1. We therefore cor-
rected for this hsift and simultaneously fitted all dataset. Results
are shown in Fig. 6 and listed in Table 6; the final rms is 90 m s−1

(190 m s−1 without correcting for the shift). We rescaled the
velocity uncertainties of Anderson’s data to 0.19 km s−1 (rms
of the residual without rescaling) to compensate for the use of
a different binary mask in the RV determination. Our revised
orbital solutions agree well with Anderson et al. (2016b). We
therefore confirm the orbital period of ∼830 d, which does not
agree with the 657 d estimated by Petterson et al. (2004), as
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Fig. 6. Same as Fig. 5 but for YZ Car.

Table 6. Final estimated parameters of the YZ Car system.

Pulsation

Ppuls (days) 18.1661 ± 0.0002
T0 (JD)a 2452655.37

A1 (km s−1) −4.57 ± 0.29
B1 (km s−1) −13.26 ± 0.09
A2 (km s−1) −0.71 ± 0.03
B2 (km s−1) −0.81 ± 0.02
A3 (km s−1) −0.02 ± 0.04
B3 (km s−1) 0.65 ± 0.01
A4 (km s−1) −0.06 ± 0.04
B4 (km s−1) 0.36 ± 0.01
A5 (km s−1) −0.15 ± 0.01
B5 (km s−1) 0.01 ± 0.02
A6 (km s−1) −0.24 ± 0.01
B6 (km s−1) −0.07 ± 0.03
A7 (km s−1) −0.17 ± 0.01
B7 (km s−1) −0.06 ± 0.03
A8 (km s−1) −0.12 ± 0.01
B8 (km s−1) −0.01 ± 0.02

Orbit
An16b This work

Porb (days) 830.22 ± 0.34 831.6 ± 0.9
Tp (JD) 2453422 ± 29 2453565.8 ± 13.7

e 0.041 ± 0.010 0.035 ± 0.003
ω (◦) 195 ± 12 260.5 ± 6.8

K1 (km s−1) 10.26 ± 0.82 10.249 ± 0.019
vγ (km s−1) 0.84 ± 0.06 0.02 ± 0.03
a1 sin i (au) 0.783 ± 0.063 0.783 ± 0.002
f (M) (M�) 0.093 ± 0.041 0.0926 ± 0.0005

Notes (a)Not fitted. (b)Anderson et al. (2016b).

also noted by Anderson et al. (2016b). As mentioned previously,
Petterson et al. (2004) used different dataset spanning several
decades, which can lead to biases if, for instance, period change
is not taken into account.

BP Cir. We confirm the presence of a companion orbiting the
Cepheid. Our measured flux ratio is in very good agreement
with the detection from IUE spectra (Evans 1994) for a B6V
star. From our measured projected separation, ρ, and Kepler’s
third law, we can estimate a lower limit for the orbital period
as we know that the semi-major axis a > ρ. Adopting a mass
M2 = 4.7 M� for the companion, M1 = 4.9 M� for the Cepheid
(Evans et al. 2013), the distance d = 850 pc, and 15% uncer-
tainty on those values, we found Porb & 40 yr.

There is no existing infrared light curve for BP Cir to esti-
mate its magnitude at our given pulsation phase. We therefore
took the value mH = 5.58 ± 0.04 mag given by (2MASS cat-
alogue Cutri et al. 2003). To take into account the phase mis-
match with the mean magnitude, we also quadratically added
a conservative uncertainty of 0.06 mag, which corresponds to
half the amplitude of the light curve in the I band (Berdnikov
2008, probably smaller in H). We estimated the magnitudes
mH(comp) = 9.35 ± 0.10 mag and mH(cep) = 5.61 ± 0.07 mag.

According to our estimated detection limits listed in Table 3,
we did not detect additional companions within 50 mas with a
flux ratio larger than 1.3%, corresponding to an upper limit of
approximately A2V for the spectral type (assuming d = 850 pc).

Spectra for this Cepheid were also obtained with the HARPS
and SOPHIE spectrographs from 2013 to 2015 (see Table B.4). In
contrast to our previous analysis, for which we had first guesses of
the orbital parameters, we first analysed our RVs by fitting only
the pulsation of the Cepheid with Fourier series as described in
Eq. (2), in which we added the systemic velocity vγ. The curve
is shown in Fig. 7, and the fitted parameters are listed in Table 7.
In this case, we performed a simple Monte Carlo simulation by
randomly creating 1000 synthetic RVs around our best fit solu-
tions. We used normal distributions with standard deviations cor-
responding to the measurement uncertainties. We then took the
median value of the distributions and used the maximum value
between the 16th and 84th percentiles as uncertainty estimates.
We used only n = 3 Fourier coefficients as the fit is not improved
by using an order 4. The residuals are very small with a rms of
0.14 km s−1. This confirms a very long orbital period, which is
also consistent with the location of our detected component. To
search for a sign of modulation, we generated a Lomb-Scargle
periodogram6 including older RV measurements (Balona 1981;
Petterson et al. 2004, 2005, and ignoring a possible period
change). We restricted our period search to twice the longest
time span of the data (i.e. Pmax = 2 (tmax − tmin), to cover at
least half an orbital period), while the minimum period is set to
400 days (about the shortest possible orbital period for Cepheids
in binary systems, according to Neilson et al. 2015). We found sev-
eral peaks with a high probability (false alarm probability; FAP
<0.1%); the strongest is at a period of ∼14 680 days, then 6790
and 4500 days. The latter two values are too small to be consis-
tent with our measured astrometric position, but the first value is
in agreement with the lower limit estimated above. We stress that
such analysis assumes a zero eccentricity and ignores pulsation
period change. We unfortunately cannot yet determine the orbital
period only from spectroscopy, but additional astrometric mea-
surements will better constrain the orbit in a few years.
BG Cru. The expected companion should have a spectral type
later than a A1V star according to the detection limit set by
Evans (1992a). This means that the flux ratio should be .0.5%.
Our measured flux ratio for this possible detection is 0.53 ±
0.12%, in agreement with this detection limit, and corresponds to
a companion with a spectral type in the range B9V–A4V. From
our detection limits, we reached the same conclusion as Evans
(1992a) within 50 mas from the Cepheid, i.e. there is no com-
panion with a spectral type earlier than A2V.

We performed the same analysis as for BP Cir with new
high-precision RV data (see Appendix B). The pulsation curve
is shown in Fig. 7 and the fitted parameters are listed in Table 7.
The residuals are small (0.8 km s−1), suggesting no spectroscopic
companion, a very long orbital period or a high orbital

6 We used the astroML python module and its bootstrapping package
to find the significance levels (VanderPlas et al. 2012).
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Fig. 7. Fitted radial pulsation velocity curve of BP Cir, BG Cru, S Nor, and AH Vel.
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(solid line) and measured (blue dots) radial pulsation velocity. Right panel: relative astrometric orbit of S Mus Ab.

inclination. The periodogram for these data do not show sign
of any significant peak (FAP = 9.1%). We included older (less
precise) RVs collected from the literature (Lloyd Evans 1980;
Stobie & Balona 1979b; Usenko et al. 2014) and calculated the
periodogram. There is a significant peak (with a FAP< 0.1%) at

a period of ∼5365 days. This period would be consistent with
Szabados (1989) who found a ∼5000 day pattern from the light
time effect. However we cannot exclude other peaks with simi-
lar significant levels (with FAP <1%). Additional high-precision
RVs will be necessary to confirm this period.
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Table 7. Final estimated pulsation parameters of BP Cir, BG Cru, S Nor,
and AH Vel.

BP Cir

Pe04c This work
Ppuls (days) 2.39819 ± 0.00005 2.398131 ± 0.000001

T0 (JD) 2444297.03 2456828.21 ± 0.03
A1 (km s−1) – −0.45 ± 0.59
B1 (km s−1) – 7.80 ± 0.05
A2 (km s−1) – 0.47 ± 0.23
B2 (km s−1) – −1.54 ± 0.09
A3 (km s−1) – −0.26 ± 0.074
B3 (km s−1) – 0.33 ± 0.07
vγ (km s−1) 19.0 18.00 ± 0.11

BG Cru
Sz89 This work

Ppuls (days) 3.34272 ± 0.00001 3.342536 ± 0.000003
T0 (JD) 2440393.660 ± 0.08 2456753.93 ± 0.09

A1 (km s−1) – 3.48 ± 0.68
B1 (km s−1) – 3.86 ± 0.52
A2 (km s−1) – −0.58 ± 0.03
B2 (km s−1) – 0.02 ± 0.19
vγ (km s−1) −19.6 ± 0.3a −20.00 ± 0.18

S Nor
Me87d This work

Ppuls (days) 9.7544 ± 0.0005 9.75473 ± 0.00001
T0 (JD) 2 445 397.507 2 444 018.13 ± 0.05

A1 (km s−1) – −12.25 ± 0.20
B1 (km s−1) – −6.85 ± 0.37
A2 (km s−1) – 3.39 ± 0.20
B2 (km s−1) – 3.53 ± 0.22
A3 (km s−1) – 2.57 ± 0.03
B3 (km s−1) – −0.24 ± 0.23
A4 (km s−1) – −0.33 ± 0.01
B4 (km s−1) – −0.10 ± 0.04
A5 (km s−1) – −0.36 ± 0.09
B5 (km s−1) – 0.58 ± 0.05
A6 (km s−1) – −0.05 ± 0.01
B6 (km s−1) – −0.01 ± 0.01
A7 (km s−1) – −0.24 ± 0.03
B7 (km s−1) – −0.17 ± 0.05
A8 (km s−1) – −0.04 ± 0.02
B8 (km s−1) – −0.09 ± 0.01
vγ (km s−1) 5.85 ± 0.06 5.14 ± 0.12

AH Vel
Sz89b This work

Ppuls (days) 4.227231 ± 0.000007 4.227527 ± 0.000001
T0 (JD) 2 442 035.703 ± 0.07 2 456 605.05 ± 0.08

A1 (km s−1) – 7.99 ± 0.36
B1 (km s−1) – 2.50 ± 0.93
A2 (km s−1) – −0.42 ± 0.26
B2 (km s−1) – 1.15 ± 0.13
vγ (km s−1) 24.5 ± 0.3a 24.68 ± 0.13

Notes. (a)From Gieren (1977) for AH Vel, from Stobie & Balona
(1979a) for BG Cru. (b)Szabados (1989). (c)Petterson et al. (2004).
(d)Mermilliod et al. (1987).

T Mon. The spectroscopic companion is also below our sen-
sitivity limit. Our estimated detection level is ∆H ∼ 4.7 mag,
which is well below the 8.1 mag required to detect it. However,

although a brighter component is unlikely, we can still rule out
an orbiting companion brighter than H ∼ 7.4 mag, which would
correspond to a companion earlier than a B1V star (see Table 3).
R Mus. We cannot confirm the presence of the spectroscopic com-
panion from our interferometric observations. The expected flux
ratio of the companion is fH . 0.4%, while our detection lim-
its show that with this dataset we were sensitive to the compan-
ion having fH > 1%. We can however reject the presence of any
companion brighter than a B8V star within 50 mas.
S Mus. We confirm the presence of a close-in companion. The
contrast is slightly higher than the expected value; ∼B6V is more
appropriate, but detections in more photometric bands are neces-
sary to better constrain the spectral type. Our estimated detection
limits enable us to exclude any possible third component with a
spectral type earlier than B9V.

As for U Aql, we performed a preliminary MCMC orbital fit
by combining our astrometry with single-line RVs to solve for
all the orbital elements. The resulting parameters are listed in
Table 8 and plotted in Fig 8. We remove the degeneracy between
the mass and distance using a P-L relation (Storm et al. 2011),
giving d = 858 ± 17 pc. First guess values were taken from
Petterson et al. (2004) and Samus et al. (2017).

Our estimated mass ratio is in agreement with the 0.88
derived by Böhm-Vitense et al. (1997). The Cepheid mass is in
slight agreement with the 6.0 ± 0.4 M� estimate by Evans et al.
(2004) from the FUSE spectra, but this is expected as they used
q = 0.88. Our derived companion mass is also smaller than that
for a B3V star (∼5.3 M�) and would be more compatible with a
B6V star, which is also consistent with our measured flux ratio.
However, this is still preliminary and the astrometric orbit will
have a better coverage soon.

Finally, we also note that from our average 3σ contrast lim-
its (see Table 3), we exclude any additional companion within
50 mas from the Cepheid with a spectral type earlier than B9V.
S Nor. The possible spectroscopic component is expected to have
a contrast∼0.3% (∆H ∼ 6.4 mag), but this is just below the sensi-
tivity limit of our datasets (see Table 3), which is consistent with
our non-detection. We are therefore not able to confirm the pres-
ence of a close-in companion. From our detection limit, we can
exclude a companion brighter than H = 5.6 mag within 25 mas,
and brighter than 5.3 mag within 25–50 mas, which correspond to
stars with spectral type earlier than B7V and B5V, respectively.

New RVs were also collected for this Cepheid from 2013 to
2018 using both the CORALIE and HARPS spectrographs (see
Appendix B for details). We list RVs in Table B.7. These obser-
vations span half the period of ∼10 yr given by Groenewegen
(2008), so the orbital motion should be detected from our new
observations. As previously, we first fitted the pulsation of the
star. The parameters and the pulsation curve are in Table 7 and
Fig. 7, respectively. The rms of the fit is 90 m s−1. After correct-
ing for the pulsation, the residual periodogram does not show any
significant peak, the highest being at a too short period of 760 d
with a FAP = 3%. We increased the time span by including RVs
from (Bersier et al. 1994, with a zero point correction as given by
Udry et al. 1999), but there is also no significant peak in the resid-
ual periodogram, the highest being at 836 d with a FAP = 14%.
We suggest that S Nor is probably not a spectrosopic binary.
The other possibility would be that this hypothetical companion
has a very low mass and might have a high orbital inclination.
W Sgr. The spectroscopic component is not detected from our
interferometric observations. We estimated the 3σ detection
level to be ∆H = 5.1 mag (see Table 3), which is not enough
to detect the F5V companion (∆H ∼ 7.7 mag). However, this
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Table 8. Final estimated parameters of the S Mus system.

Pulsation

Ppuls (days) 9.65996 ± 0.00006
T0 (JD)a 2440299.42

A1 (km s−1) −6.94 ± 0.82
B1 (km s−1) −9.81 ± 0.54
A2 (km s−1) −4.53 ± 0.67
B2 (km s−1) 3.87 ± 0.79
A3 (km s−1) −0.60 ± 0.34
B3 (km s−1) 1.46 ± 0.15
A4 (km s−1) 0.86 ± 0.10
B4 (km s−1) 0.23 ± 0.24
A5 (km s−1) 0.21 ± 0.04
B5 (km s−1) −0.05 ± 0.10

Orbit
Pe04b This work

Porb (days) 504.9 ± 0.07 506.3 ± 0.5
Tp (JD) 2448590 ± 5 2457165.9 ± 4.4

e 0.080 ± 0.002 0.088 ± 0.006
ω (◦) 206 ± 5 194.8 ± 3.3

K1 (km s−1) 14.7 ± 0.2 14.85 ± 0.03
K2 (km s−1)c – 16.63 ± 3.27
vγ (km s−1) −0.5 ± 0.5 −1.65 ± 0.11

Ω (◦) – 99.6 ± 14.4
i (◦) – 144.7 ± 2.8

a (mas) – 2.95 ± 0.09
a (au) – 2.53 ± 0.09

M1 (M�) – 4.44 ± 0.91
M2 (M�) – 3.98 ± 0.21
d (pc)d – 858 ± 17

Notes. (a)Held fixed with the value from Samus et al. (2017).
(b)Petterson et al. (2004). (c)Derived from the orbital elements and the
assumed distance. (d)Assumed from the P-L relation of Storm et al.
(2011).
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Fig. 9. Same as Fig. 5 but for W Sgr.

limit enables us to rule out any component with a spectral type
earlier than B8V.

New RVs were collected for W Sgr from the HARPS,
CORALIE, and HERMES instruments (details in Appendix B
and RVs are given in Table B.8), spanning from 2013 to
2017. We did not use RVs measurements from the literature as
explained previously. The combined fit is shown in Fig. 9 and
the revised orbit is listed in Table 9. The same fitting formal-
ism as for FF Aql was applied. The residual standard deviation
is 80 m s−1. Our newly derived orbit is in slight agreement with
previous determinations (Babel et al. 1989; Bersier et al. 1994;

Table 9. Final estimated parameters of the W Sgr system.

Pulsation

Ppuls (days) 7.59508 ± 0.00002
T0 (JD)a 2443374.77

A1 (km s−1) −9.86 ± 0.33
B1 (km s−1) −10.70 ± 0.31
A2 (km s−1) −7.47 ± 0.23
B2 (km s−1) 3.38 ± 0.46
A3 (km s−1) 0.31 ± 0.24
B3 (km s−1) 2.59 ± 0.04
A4 (km s−1) 1.12 ± 0.17
B4 (km s−1) 1.30 ± 0.15
A5 (km s−1) 0.40 ± 0.09
B5 (km s−1) −0.57 ± 0.06
A6 (km s−1) 0.17 ± 0.08
B6 (km s−1) −0.43 ± 0.04
A7 (km s−1) 0.03 ± 0.01
B7 (km s−1) −0.21 ± 0.04
A8 (km s−1) −0.05 ± 0.02
B8 (km s−1) 0.06 ± 0.01
A9 (km s−1) 0.12 ± 0.02
B9 (km s−1) 0.06 ± 0.03
A10 (km s−1) 0.06 ± 0.01
B10 (km s−1) −0.04 ± 0.01

Orbit
Pe04b This work

Porb (days) 1582 ± 9 1615.5 ± 11.0
Tp (JD) 2 448 286 2 457 992.4 ± 19.5

e 0.41 ± 0.05 0.197 ± 0.018
ω (◦) 328 ± 5 288.4 ± 5.7

K1 (km s−1) 1.08 ± 0.03 1.562 ± 0.011
vγ (km s−1) −26.0 ± 0.1 −27.87 ± 0.02
a1 sin i (au) 0.143 0.228 ± 0.003
f (M) (M�) 0.157 (×103) 0.60 ± 0.02 (×103)

Notes. (a)Not fitted. (b)Petterson et al. (2004).

Albrow & Cottrell 1996). However, such low-amplitude orbit is
difficult to constrain as it needs continuous high-precision mea-
surements to allow a good determination of the orbit. Combin-
ing several datasets is usually not optimal as several additional
effects can alter the results, as for instance the presence of a third
component, the pulsation period change, or the method used to
estimate the RVs. To well constrain such low-amplitude binary,
this is critical to control such effects.
X Sgr. The spectroscopic component is possibly detected at a
separation of ∼14 mas with the closure phase signal only, but
additional observations are necessary to conclude firmly. Our
measured flux ratio is compatible with a B9-A2V star, which
agrees with the limit set by Evans (1992a). From our estimated
detection limit (Table 3), we are also able to exclude any addi-
tional component with a contrast lower than∼1:140, which would
correspond to companions with a spectral type earlier than B8V.
V350 Sgr. Our candidate companion has an H-band flux ratio of
0.55 ± 0.11%, which corresponds to approximately a B9V-A1V
star. This is in agreement with the B9V spectral type estimated
by Evans (1992b, see also Evans et al. 2018b). Additional astro-
metric data are still necessary to confirm.

The 3σ detection limits of the 2013 and 2017 observations
are listed in Table 3. The 2017 observations give a B8V limit,
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Fig. 10. Same as Fig. 5 but for V350 Sgr.

Table 10. Final estimated parameters of the V350 Sgr system.

Pulsation

Ppuls (days) 5.154151 ± 0.000008
T0 (JD)a 2440146.6156

A1 (km s−1) −5.37 ± 0.42
B1 (km s−1) −14.00 ± 0.17
A2 (km s−1) −3.76 ± 0.25
B2 (km s−1) −4.22 ± 0.23
A3 (km s−1) −2.72 ± 0.10
B3 (km s−1) −0.97 ± 0.25
A4 (km s−1) −1.26 ± 0.02
B4 (km s−1) 0.20 ± 0.14
A5 (km s−1) −0.39 ± 0.06
B5 (km s−1) 0.42 ± 0.07
A6 (km s−1) −0.05 ± 0.05
B6 (km s−1) 0.29 ± 0.01
A7 (km s−1) 0.11 ± 0.03
B7 (km s−1) 0.14 ± 0.02

Orbit
Ev11b This work

Porb (days) 1472.91 ± 1.33 1465.3 ± 0.4
Tp (JD) 2450526.63 ± 6.60 2450554.6 ± 2.2

e 0.369 ± 0.011 0.336 ± 0.003
ω (◦) 279.03 ± 1.72 283.7 ± 0.7

K1 (km s−1) 10.59 ± 0.10 10.38 ± 0.03
vγ (km s−1) 11.36 ± 0.07 10.11 ± 0.02
a1 sin i (au) 1.330 ± 0.014 1.317 ± 0.004
f (M) (M�) 0.146 ± 0.005 0.142 ± 0.001

Notes. (a)Not fitted. (b)Evans et al. (2011).

which is consistent with our non-detection. The 2013 data give,
after removing the detected component, a detection level ∆H =
5.3 mag, and enable us to exclude additional companions earlier
than B8V.

A new set of RVs has been obtained with the CORALIE and
HARPS spectrographs (details in Appendix B) collected from
2013 to 2015. We also collected RVs from Evans et al. (2011)
because of our limited dataset, which has a poor orbital and pul-
sation phase coverage. By fitting the two datasets separately, we
noticed a systemic velocity difference of 1.45 km s−1, which we
subtracted from Evans’ data. We took as first guess values for the
orbit and pulsation the values derived by Evans et al. (2011), and
applied the same fitting formalism as for FF Aql. Figure 10 shows
the pulsation and orbital velocity curves, and our revised parame-
ters are listed in Table 10. Our values are in slight agreement with
previous works (Evans et al. 2011; Petterson et al. 2004); the final
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Fig. 11. Same as Fig. 5 but for V636 Sco.

rms of the residual is 330 m s−1. However, we only collected the
data provided by Evans (taken from 2005 by Eaton) and we did
not combine with additional data from the literature.
V636 Sco. Despite several epoch observations, we did not suc-
ceed in detecting the companion. Such faint companions (i.e.
f . 0.5%) are difficult to detect and need optimal observing
conditions. Table 3 lists the 3σ detection limits for our observa-
tions. Within 50 mas, we can rule out a companion with a con-
trast lower than ∆H = 5.8 mag (i.e. with a flux ratio >0.5%),
which would correspond to spectral types earlier than B9V.

New RVs have been obtained with the CORALIE and HARPS
spectrographs (details in Appendix B, and RVs are given in
Table B.10), spanning from 2013 to 2015. As our dataset is lim-
ited and did not have a sufficient phase coverage, we combined
our data with RVs from Petterson et al. (2004). We noticed that
their zero point is shifted by 1 km s−1, which we corrected for
our combined fit. We took as first guess values to fit the pulsation
and orbit those derived by Böhm-Vitense et al. (1998, except Tp
where we used our median time value). The pulsation and orbital
velocity curves are shown in Fig. 11, and our fitted parameters
are listed in Table 11. We used the same fitting formalism as for
FF Aql. Our revised orbit is in good agreement with previous
works (Böhm-Vitense et al. 1998; Lloyd Evans 1982); the final
rms of the residual is 230 m s−1. However, the orbital period of
1362 days given by Petterson et al. (2004) is not in agreement,
and the fit does not converge if we use this value as first guess.
As a first test, we re-derived the pulsation and orbital parame-
ters using only the RVs from Petterson et al. (2004, post-1997
data only). We found a period of 1323.4 days, which is more
consistent with our previous estimate, as for the other parame-
ters, except the systemic velocity, which is positively shifted by
1 km s−1. A possible explanation for the orbital period mismatch
is the pulsation period change, which was not taken into account in
Petterson et al. (2004) as they combined their data with imprecise
old measurements (Stibbs 1955; Lloyd Evans 1968).
AH Vel. We did not detect any companion from our interferomet-
ric observations. However, our derived detection limits allow us
to set an upper limit on the spectral type. According to our esti-
mate of ∆H3σ = 5.3 mag, we can rule out any component earlier
than an A0V star within 50 mas.

New spectroscopic observations were also collected from
2012 to 2015 with the spectrograph HARPS and CORALIE (see
Appendix B and Tables B.1-B.11). As for BP Cir, we first analysed
our RVs by fitting only the pulsation of the Cepheid with Fourier
series. The curve is shown in Fig. 7, and the fitted parameters are
listed in Table 7. Although we see no trend in the residual (rms
of 0.28 km s−1), we calculated the periodogram. We did not find
any significant periodic signal in the power spectrum, the high-
est peak having a FAP of ∼8%. Ignoring possible period change,
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Table 11. Final estimated parameters of the V636 Sco system.

Pulsation

Ppuls (days) 6.79703 ± 0.00002
T0 (JD)a 2434906.47

A1 (km s−1) −9.44 ± 0.45
B1 (km s−1) −7.77 ± 0.57
A2 (km s−1) −4.36 ± 0.35
B2 (km s−1) 2.69 ± 0.50
A3 (km s−1) 0.99 ± 0.21
B3 (km s−1) 1.11 ± 0.21
A4 (km s−1) 0.30 ± 0.06
B4 (km s−1) −0.04 ± 0.09

Orbit
Bo98b This work

Porb (days) 1323.6 ± 1.2 1320.6 ± 1.3
Tp (JD) 2430411.4 ± 20.9 2456865.5 ± 5.7

e 0.213 ± 0.020 0.250 ± 0.004
ω (◦) 294 ± 52 288.0 ± 2.5

K1 (km s−1) 12.19 ± 0.22 11.98 ± 0.06
vγ (km s−1) 9.09 ± 0.17 9.0 ± 0.06
a1 sin i (au) 1.451 ± 0.027 1.409 ± 0.007
f (M) (M�) 0.230 ± 0.013 0.214 ± 0.003

Notes. (a)Not fitted. (b)Böhm-Vitense et al. (1998).

we performed the same analysis by including old RV measure-
ments (Lloyd Evans 1968, 1980; Gieren 1977; Bersier 2002) to
have a longer time span. We identified a significant peak (with a
FAP< 0.1%) at a period of∼7060 days. We also noticed two other
peaks with significant levels at periods ∼3100 and ∼14 000 days
(with FAP< 1%). We stress that such analysis assume a zero
eccentricity and ignore pulsation period change. This prelimi-
nary ∼7060 days orbital period needs confirmation with addi-
tional high-precision contemporaneous RV measurements.

5. Conclusions

We report new multi-telescope interferometric observations for
16 Galactic classical Cepheids. We use the CANDID algorithm
(Gallenne et al. 2015) to search for high-contrast companions
within a relative distance to the Cepheid of 50 mas. We also
report detection limits for undetected components (secondary or
tertiary).

The components orbiting U Aql, BP Cir, and S Mus are clearly
detected. These components are located at projected separations
of 2–40 mas and have flux ratios in the range 0.4–3.5%. We
have preliminary detections for FF Aql, Y Car, BG Cru, X Sgr,
V350 Sgr, and V636 Sco, but a confirmation is needed owing to
our low detections levels or several possible locations. For U Car,
YZ Car, T Mon, R Mus, S Nor, W Sgr, and AH Vel we have no
detection, however we set upper limits on the spectral types of the
companion. Upper limits on the spectral type of possible tertiary
component were also estimated for the other targets.

We present preliminary complete astrometric and spectro-
scopic orbits for the Cepheids U Aql and S Mus by combining
astrometric and single-line velocity measurements. We derived
preliminary dynamical masses for these Cepheids assuming a
distance from a P-L relation (Storm et al. 2011). We found
M = 4.97 ± 0.62 M� and M = 4.63 ± 0.99 M� for U Aql and
S Mus, respectively.

Based on new high-precision spectroscopic observations with
the SOPHIE, CORALIE, and HARPS spectrographs, we revised
the pulsation and spectroscopic orbital parameters for FF Aql,
YZ Car, W Sgr, V350 Sgr, and V636 Sco, while only the pulsation
parameters of BP Cir, BG Cru, S Nor, and AH Vel were updated.
Our interferometric observations also provided angular diameter
measurements for all targets, and can be used for instance in a
Baade-Wesselink method analysis (see e.g. Kervella et al. 2004;
Gallenne et al. 2012; Breitfelder et al. 2016).

Our interferometric programme promises to determine the
mass and distance of Cepheids independently and accurately.
This was demonstrated by Gallenne et al. (2018a) who deter-
mined the distance of the Cepheid V1334 Cyg at a 1% accuracy
level, providing the most accurate independent distance for a
Cepheid. They also derived the mass of both components at <3%
precision, which is also unique for a Galactic Cepheid. We now
have additional Cepheids for which we detected the companion
and measured their astrometric position (U Aql, RT Aur, AX Cir,
BP Cir, S Mus, and AW Per; Gallenne et al. 2015, 2014b, 2013).
The same analysis as that of V1334 Cyg can be applied if we
have RVs for the companions. An astrometric follow-up is on-
going to secure a better orbital coverage of these systems and
perform a combined fit with RV measurements.
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Appendix A: Parameters of the calibrators used for MIRC and PIONIER interferometric observations

The parameters of the calibrators we used are listed in Table A.1. They were collected with the SearchCal software.

Table A.1. Calibrators used for our observations.

HD Sp. type V H θUD HD Sp. type V H θUD
(mag) (mag) (mas) (mag) (mag) (mas)

43299 K3III-IV 6.84 4.44 0.720 ± 0.051 132209 A9/F0IV/V 6.56 5.83 0.248 ± 0.017
45317 K0III 6.87 4.60 0.628 ± 0.045 144230 K2III 8.67 5.41 0.465 ± 0.011
66080 G6III 7.44 5.48 0.398 ± 0.028 145361 F2IV/V 5.77 4.89 0.449 ± 0.032
70195 G8/K0III 7.08 5.08 0.492 ± 0.035 145883 K2III 8.45 5.39 0.457 ± 0.010
73075 K1III 7.34 5.16 0.467 ± 0.033 146247 K2III 7.21 4.61 0.653 ± 0.046
85253 K1(III) 8.69 – 0.320 ± 0.023 147075 K1III 7.90 5.27 0.465 ± 0.033
89517 K1/2III 8.59 5.87 0.366 ± 0.026 147422 K0III 8.04 5.34 0.445 ± 0.011
89839 F7V 7.64 6.47 0.225 ± 0.016 148679 K0III 6.94 4.69 0.609 ± 0.043
90074 G6III 6.35 4.52 0.652 ± 0.046 149835 K0III 7.30 5.07 0.499 ± 0.035
90246 K0III 8.25 5.82 0.349 ± 0.025 151005 K0III 7.21 4.69 0.595 ± 0.042
90980 K0III 6.74 4.42 0.657 ± 0.047 151337 K0IV/V 7.38 5.39 0.425 ± 0.030
92156 G0IV/V 8.03 6.73 0.197 ± 0.014 152272 K1III 7.35 4.91 0.555 ± 0.039
93307 G0V 7.78 6.45 0.229 ± 0.016 154250 K0III 8.00 5.72 0.365 ± 0.026
94256 K0III 7.95 5.73 0.357 ± 0.025 154486 K2/3III 6.94 3.50 1.056 ± 0.015
96068 G8III 6.52 4.37 0.709 ± 0.090 155019 K1III 8.99 5.24 0.475 ± 0.034
97744 K0/1III 8.30 5.93 0.336 ± 0.024 156992 K3III 6.36 3.12 1.240 ± 0.017
98692 K2III 7.45 4.99 0.568 ± 0.040 159217 A0V 4.59 4.66 0.373 ± 0.026
98732 K0III 7.02 4.95 0.580 ± 0.041 159285 K1III 7.97 5.44 0.416 ± 0.030
98897 G8III 6.63 4.31 0.603 ± 0.045 159941 M0III 7.82 3.73 1.081 ± 0.015
99048 K2III 7.13 4.28 0.673 ± 0.048 160113 G5V 7.28 5.69 0.333 ± 0.024

100078 K2III 7.33 4.19 0.836 ± 0.011 162415 K5III 6.94 3.66 1.003 ± 0.072
101805 F8V 6.47 5.30 0.375 ± 0.026 163652 G8III 5.74 3.64 0.900 ± 0.064
102534 K1III 6.76 4.66 0.643 ± 0.046 166230 A8III 5.10 4.66 0.409 ± 0.029
102969 G8III 7.66 5.28 0.460 ± 0.033 166295 K2III/IV 6.68 2.94 1.266 ± 0.017
105939 K0III 7.05 4.70 0.601 ± 0.043 169236 K0III 6.14 3.69 0.890 ± 0.063
107013 K1III 7.97 5.77 0.343 ± 0.024 171960 K3III 7.29 3.50 1.121 ± 0.016
107720 K1III 7.12 4.78 0.586 ± 0.042 174774 K4III 7.56 3.83 1.103 ± 0.015
109761 G6III 7.41 5.26 0.442 ± 0.031 177067 K0III 6.91 4.64 0.634 ± 0.045
110532 K0/1III 6.42 4.16 0.783 ± 0.011 178218 K0III 6.88 4.55 0.658 ± 0.047
110924 K0II/III 6.64 4.15 0.745 ± 0.053 182807 F7V 6.20 4.93 0.457 ± 0.032
112124 G8III 7.21 4.87 0.536 ± 0.038 184985 F7V 5.45 4.42 0.589 ± 0.041
115669 K2/3III 6.91 4.13 0.766 ± 0.055 185124 F3IV/V 5.68 4.58 0.515 ± 0.036
121901 F0/2III/IV 6.47 5.72 0.284 ± 0.020 188844 K0III/IV 6.57 4.50 0.660 ± 0.047
125136 K0III 7.44 5.27 0.440 ± 0.031 196870 K0III 6.61 4.32 0.685 ± 0.049
130551 F5V 8.75 5.96 0.276 ± 0.019 198001 B9.5V 3.77 3.71 0.510 ± 0.036

Appendix B: New radial velocities from the
CORALIE, SOPHIE, HARPS, and HERMES
spectrographs

We collected several spectra from 2012 to 2017 with the fibre-
fed SOPHIE spectrograph (R ∼ 75 000 Bouchy & Sophie
Team 2006) mounted on the 1.93 m telescope of the Observa-
toire de Haute Provence (France), the CORALIE spectrograph
(R ∼ 60 000; Queloz et al. 2001) at the Swiss 1.2 m Euler tele-
scope located at La Silla Observatory, the HARPS spectrograph
(R ∼ 115 000; Pepe et al. 2002) mounted on the 3.6 m ESO tele-
scope at La Silla Observatory, and the HERMES spectrograph
(R ∼ 85 000; Raskin et al. 2011) mounted on the Flemish 1.2 m
telescope of the Roque de los Muchachos Observatory. These
four instruments cover the visible wavelength. Exposure times

of a few minutes allowed a signal-to-noise ratio >10 per pixel
at 550 nm. All data were reduced using the dedicated instrument
pipeline.

Radial velocities were estimated using the cross-correlation
method. We created our own weighted binary mask by select-
ing unblended lines from high-resolution synthetic spectra (R ∼
120 000) covering the wavelength range 4500–6800 Å. The
cross-correlation function is then fitted by a Gaussian whose
minimum value gives an estimate of the RV. Uncertainties
include photon noise and internal drift. Zero point difference
was set to the HARPS or CORALIE system (when there are no
HARPS data) following the table of Soubiran et al. (2013) for
CORALIE, HARPS, and SOPHIE, and Gallenne et al. (2018a)
for HERMES. RV measurements are listed from Tables B.2
and B.3 (without correction for the zero point).
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