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ABSTRACT

Context. The B-W method is used to determine the distance of Cepheids and consists in combining the angular size variations of the star, as
derived from infrared surface-brightness relations or interferometry, with its linear size variation, as deduced from visible spectroscopy using the
projection factor. The underlying assumption is that the photospheres probed in the infrared and in the visible are located at the same layer in
the star whatever the pulsation phase. While many Cepheids have been intensively observed by infrared beam combiners, only a few have been
observed in the visible.

Aims. This paper is part of a project to observe Cepheids in the visible with interferometry as a counterpart to infrared observations already in
hand.

Methods. Observations of § Cep itself were secured with the VEGA/CHARA instrument over the full pulsation cycle of the star.

Results. These visible interferometric data are consistent in first approximation with a quasi-hydrostatic model of pulsation surrounded by a static
circumstellar environment (CSE) with a size of Ocsg = 8.9 + 3.0 mas and a relative flux contribution of fcsg = 0.07 + 0.01. A model of visible
nebula (a background source filling the field of view of the interferometer) with the same relative flux contribution is also consistent with our data
at small spatial frequencies. However, in both cases, we find discrepancies in the squared visibilities at high spatial frequencies (maximum 20)
with two different regimes over the pulsation cycle of the star, ¢ = 0.0-0.8 and ¢ = 0.8—1.0. We provide several hypotheses to explain these
discrepancies, but more observations and theoretical investigations are necessary before a firm conclusion can be drawn.

Conclusions. For the first time we have been able to detect in the visible domain a resolved structure around 6 Cep. We have also shown that a

simple model cannot explain the observations, and more work will be necessary in the future, both on observations and modelling.
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1. Introduction

The Baade-Wesselink (BW) method for the distance deter-
mination of Cepheids is, in its first version, purely spectro-
photometric (Lindemann 1918; Baade 1926; Wesselink 1946).
Results by Fouqué et al. (2007) and Storm et al. (2011a,b) illus-
trate the central and current role of this method in the distance
scale calibration, even if recent calibrations of the Hubble con-
stant rely exclusively on the trigonometric parallaxes of a few
Galactic Cepheids (Riess et al. 2011; Benedict et al. 2007). The
first interferometric version of the BW method was attempted in
the visible by Mourard et al. (1997), and soon afterward in the
infrared by Kervella et al. (1999, 2001) and Lane et al. (2000).
Since then, the infrared interferometric BW method has been
applied to a significant number of Cepheids, twelve in total (see
Table 1), while among these stars only four have been observed
by visible interferometers, and the pulsation could actually be
resolved for only one of them, £ Car (Davis et al. 2009).

* The data are available on the Jean-Marie Mariotti Center 0iDB
service (http://oidb. jmmc. fr) and 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/593/A45

Article published by EDP Sciences

The principle of the interferometric version of the BW
method is simple. Interferometric measurements lead to angular
diameter estimations over the whole pulsation period, while the
stellar radius variations can be deduced from the integration of
the pulsation velocity. The latter is linked to the observational ve-
locity deduced from spectral line profiles by the projection fac-
tor p (Nardetto et al. 2004; Mérand et al. 2005; Nardetto et al.
2007, 2009).

There are several underlying assumptions to the BW method.
First, the limb-darkening of the star is assumed to be constant
during the pulsation cycle. This has no impact on the interfer-
ometric analysis, at least in the infrared (Kervella et al. 2004),
while in the visible Davis et al. (2009) reported the need to take
into account a limb-darkening variation from Sydney University
Stellar Interferometer (SUSI) observations. On the theoretical
side, Nardetto et al. (2006a) found via hydrodynamical simula-
tion that considering a constant limb darkening in the visible
leads to a systematic shift of about 0.02 in phase on the angu-
lar diameter curve, which basically means that there is no im-
pact on the derived distance (because the amplitude of the angu-
lar diameter curve is unchanged). Second, the projection-factor,
mostly dominated by the limb-darkening calculated in the visible

A45, page 1 of 17


http://dx.doi.org/10.1051/0004-6361/201528005
http://www.aanda.org
http://oidb.jmmc.fr
http://cdsarc.u-strasbg.fr
130.79.128.5
http://cdsarc.u-strasbg.fr/viz-bin/qcat?J/A+A/593/A45
http://www.edpsciences.org

A&A 593, A45 (2016)

Table 1. Cepheids for which an interferometric BW method has been applied.

Cepheids Reference
visible
6 Cep* Mourard et al. (1997)
a UMi*, ¢ Gem*, ¢ Cep*, n Aql* Nordgren et al. (2000)
6 Cep*, n Aql* Armstrong et al. (2001)
{ Car Davis et al. (2009)
H band
¢ Gem Lane et al. (2000)
¢ Gem, 17 Aql Lane et al. (2002)
« Pav Breitfelder et al. (2015)
¢ Car Anderson et al. (2016)
X Sgr, W Sgr, £ Gem, 8 Dor, £ Car Breitfelder et al. (2016)
K band
{ Gem* Kervella et al. (2001)
X Sgr*, n Aql, W Sgr, ¢ Gem*, 8 Dor, Y Oph*, £ Car  Kervella et al. (2004)
0 Cep Mérand et al. (2005)
Y Oph Meérand et al. (2007)
FF Aql, T Vul Gallenne et al. (2012)
0 Cep, n Aql Merand et al. (2015a)

Notes. For some studies corresponding to the first attempts (indicated by asterisks) the pulsation could not be clearly resolved angularly leading to
a mean value of the angular diameter of the Cepheid. In the visible domain, the BW method was applied successfully to only one Cepheid, ¢ Car,
while in the infrared, among the eleven Cepheids the pulsation could be resolved for all stars, even X Sgr, which is known to be atypical likely
owing to shockwaves travelling within the atmosphere (Mathias et al. 2006).

domain, is also assumed to be constant, which seems reason-
able, at least in theory (Nardetto et al. 2004). Third, when ap-
plying the BW method, visible spectroscopy (e.g. Nardetto et al.
2006b) is often combined with infrared interferometric data, or
even — in the recent photometric version of the BW method —
with various photometric bands (Breitfelder et al. 2015). In the
distance determination, we implicitly assume that the angular
and linear diameters correspond to the same physical layer in the
star. In this context, testing these hypotheses using visible inter-
ferometric observations seems to be of prime importance. This
can be done first by simply verifying the internal consistency of
the BW distances derived from visible and infrared interferom-
etry, and then comparing them with available precise parallaxes
(Benedict et al. 2007; Majaess et al. 2012).

This paper is the first in a series which investigates Cepheids
with the Visible spEctroGraph and polArimeter (VEGA) beam
combiner (Mourard et al. 2009) operating at the focus of the
Center for High Angular Resolution Astronomy (CHARA) array
(ten Brummelaar et al. 2005) located at the Mount Wilson Ob-
servatory (California, USA). The study focuses on the prototype
0 Cep star. The VEGA data are first reduced (Sect. 2) and then
analysed in terms of uniform disk angular diameters (Sect. 3). In
Sect. 4, we show that 6 Cep is clearly surrounded by a resolved
structure, while some evidence in our interferometric data point
toward an additional physical effect. We explore two hypothe-
ses: a circumstellar reverberation and a strong limb-darkening
variation. We draw our conclusions in Sect. 5.

2. VEGA/CHARA observations of 6 Cep

The CHARA array consists of six telescopes of 1 m in diame-
ter, spread in a Y-shaped configuration, which offers 15 different
baselines from 34 m to 331 m. These baselines can achieve a spa-
tial resolution up to 0.3 mas in the visible. The interferometric
observations were secured with the VEGA/CHARA instrument.
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The journal of observations is presented in Tables A.1 to A.2.
Given the large angular size of & Cep, we used only two short
baselines, i.e. S1S2 and E1E2, with projected baselines rang-
ing from about 27 to 31 m for S1S2 and from 52 to 66 m
for E1E2. The data were processed using the standard VEGA
pipeline (Mourard et al. 2009, 2011; Ligi et al. 2013) consider-
ing different spectral bands from 3 nm (in high spectral resolu-
tion mode) to 20 nm (in medium spectral resolution mode), and
with reference wavelengths ranging from 500 nm to 745 nm (the
minimum and maximum wavelengths of these bands are given
in Tables A.1 to A.2).

In order to calibrate the squared visibilities, we considered
the references stars HD 214734 (C1) and HD 213558 (C2).
The first was used to calibrate the data of g Cep presented in
Nardetto et al. (2011). Several nights of VEGA observations in
2008 and 2009 were also devoted to controlling the quality of
these two calibrators by comparing their transfer functions (de-
fined as the ratio of the actual to expected squared visibility)
with those of six other calibrators listed in Table 2 (hereafter C3
to C8). The consistency among the eight calibrators is shown in
Fig. A.1, while the general quality of VEGA/CHARA data is
illustrated in Fig. A.2.

Cycle-to-cycle variations have never been detected for ¢ Cep,
although they have been for a few other Cepheids (Anderson
2014; Anderson et al. 2016). The data are thus recomposed into
a unique cycle and the data corresponding to nights that are
close in pulsation phase are merged (see phases 0.180, 0.526,
0.627 in Tables A.1 to A.2). Delta Cephei was finally observed
on 20 separate nights corresponding to 17 different pulsation
phases. As the observations over a given night can be spread
over several hours, we first derive the phase for each observa-
tion during the night and then calculate the average and the cor-
responding standard deviation. The standard deviations of the
pulsation phases are rather low and range from 0.001 to 0.017,
except for ¢ = 0.999 where we get an error of 0.025 because the
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Table 2. List and properties of calibration stars selected with the SearchCal software provided by the Jean-Marie Mariotti Center (JMMC)

(Bonneau et al. 2006, 2011).

Calibrator HD Number Spectral type Tet log g R 6up (R band)
K [cgs] [mas]
HD 214734 Cl A3IV 8600 42 5.073 0.327 £0.023
HD 213558 C2 A1V 9500 4.1 3.770 0.458 +0.033
HD 195725 C3 ATIIL 8000 33  4.050 0.617 +0.044
HD 182564 C4 A2IIIs 9380 34 4550 0.377 £0.027
HD 211336 C5 FOIV 7300 43 3920 0.714 +0.051
HD 214454 Co6 ARBIV 7500 43 4410 0.581 +0.042
HD 3360 C7 B2IV 20900 39 3740 0.284 +0.020
HD 192907 C8 BOIII 10500 34 4410 0.346 +0.025

Notes. T, is the effective temperature, g the gravitation acceleration, R the magnitude of the calibrator in the Johnson R filter, fyp the uniform disk
angular diameter for the R filter of the Johnson photometric system. These parameters were adopted from Lafrasse et al. (2010) for all calibrators,
except HD 195725 (C3) for which we used the SearchCal tool itself. C1 and C2 were used in this study to calibrate the 6 Cep VEGA/CHARA
data (see Fig. A.2), while C3 to C8 were used to test the robustness of the C1 and C2 calibrators (see Fig. A.1).

star was observed at the very beginning and at the very end of the
night. The pulsation phases can be found in Table 3 together with
their respective errors, the number of visibility measurements
(N), and the baseline used. For each calibrated visibility, the
statistical and systematic calibration errors are given separately.
The systematic calibration errors, owing to the uncertainty on
the estimation of the diameter of the reference star, were found
to be negligible compared to the statistical values. Therefore, we
only considered the statistical uncertainties in the model fitting.
In a few cases, the statistical uncertainty was clearly underesti-
mated. Thus, we fixed the uncertainty on the calibrated squared
visibility to 0.05 (Mourard et al. 2012) for the following nights:
2012 September 23, 2013 October 26, 2013 November 26, 2014
July 02, 2014 July 05, and 2014 July 09.

3. Uniform disk (UD) angular diameters

In Figs. A.3, the calibrated visibilities corresponding to E1E2
measurements are plotted as a function of the spatial frequency
together with the corresponding (u,v) coverage and for each pul-
sation phase. We fit these calibrated visibilities by a uniform disk
using a JMMC' tool, LITpro (Tallon-Bosc et al. 2008). The re-
sults are given in Table 3 and plotted in Fig. 1 with blue crosses.
The data corresponding to S1S2 measurements are shown in
Fig. 2a. Owing to their low spatial frequencies, these S1S2 mea-
surements are almost not sensitive to the pulsation of the star.
This can be seen in Fig. 2b. Moreover, we have only a few S1S2
measurements per pulsation phase (four at most). Consequently,
as a point of comparison with the E1E2 data, we merge the
S1S2 data and fit them with a uniform disk angular diameter.
The result is given in Table 3 and plotted in Fig. 1 by a hor-
izontal dashed zone. For the data of 2014 October 24, which
include both E1E2 and S1S2 baselines, we made two fits, one
including all the S1S2 data and another with the E1E2 data.
We overplot the very precise K-band uniform disk angular di-
ameter curve obtained by Mérand et al. (2005) (magenta dots).
To analyse our VEGA/CHARA angular diameter measurements,
we consider the Spectroscopy-Photometry-Interferometry for
Pulsating Stars algorithm (SPIPS; Merand et al. 2015a). The
SPIPS code combines all the available observables of ¢ Cep:
radial velocimetry (Bersier etal. 1994; Storm etal. 2004),
interferometry (FLUOR/CHARA data), and photometry in

' http://www.jmmc.fr/litpro

Table 3. Pulsation phases, number of visibility measurements (N), re-
sulting uniform disk angular diameters, and reduced y?.

¢ N | 6uwp X4 | Baseline
[mas]
0.300 2 S1S2
0.543,0000 4 S1S2
066650005 3 | 110%x003s 09} g1
0.821.005 3 S1S2
018050006 15 | 1418,007 12 | EIE2
01920015 14000010 0.1 | EIE2
0290000 9 | 145400 1.6 | EIE2
040140005 4 | 1439006 44 | EIE2
052650001 12 | 1425005 0.6 | EIE2
0627.0017 7 | 14365000 06 | EIE2
0741,000s 8 | 131840017 24 | EIE2
078320000 15 | 131650010 0.9 | EIE2
0821a00 6 | 139,005 22 | EIE2
0.848,0007 24 | 1360000 33 | EIE2
0.893.000s 30 | 1405.0010 8.1 | EIE2
09270000 8 | 1353.000 09 | EIE2
0.942,0007 13 | 1408006 1.1 | EIE2
09990005 8 | 1337.00e 14 | EIE2

Notes. The baseline used is also indicated. The pulsation phases are
calculated using the ephemeris from Kukarkinetal. (1971): T, =
2427 628.86 days and P = 5.3663 days. There is no error on the phase
at 0.300 since the two measurements are from the same date but at dif-
ferent reference wavelengths. The S1S2 data were merged in order to
derive a mean uniform disk angular diameter.

the V (Berdnikov & Turner 2002; Engle et al. 2014; Kiss 1998;
Moftett & Barnes 1984), J, H, and K bands (Barnes et al. 1997)
in order to estimate the projection factor, the variation of the ef-
fective temperature, and the H and K band excesses. The data
used for the fit for § Cep have been published in digital form
(Merand et al. 2015b). In the list of these outputs, we are par-
ticularly interested in the uniform disk angular diameter curves,
calculated at 2200 nm and 800 nm, and derived directly from
the framework of Merand et al. (2015a). The data are given in
Table 4 and are shown in Fig. 1 by red crosses and light blue
squares, respectively. In the infrared, the K-band UD angular di-
ameter curve of SPIPS is consistent with the FLUOR/CHARA
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"K-band UD angular diameters calculated from SPIPS code
V-band UD angular diameters calculated from SPIPS code

K-band UD angular diameters from Merand et al. (2005) ——
1.8} V-band UD angular diameters from VEGA/CHARA E1E2 data —»— 1

+

Table 4. Angular diameters as derived from the application of the
SPIPS algorithm to & Cep, using photometry, interferometry, and the
cross-correlated radial velocity curves as inputs (see Merand et al.

V-band UD angular diameter from VEGA/CHARA S1S2 data

+

"

UD angular diameter (mas)

1.4 7

%} % k t ¥

0 0.2 0.4 0.6 0.8 1 1.2
pulsation phase

Fig. 1. Uniform disk diameters 6yp derived from the VEGA/CHARA
E1E2 data plotted as a function of the pulsation phase (blue crosses).
The S1S2 data (corresponding to four different pulsation phases, see
Table 3) were merged and the corresponding mean 6yp is represented
by a black horizontal line together with the 10~ uncertainty (blue dashed
zone). The uniform disk angular diameter curve from FLUOR/CHARA
in the K band (Mérand et al. 2005) is also shown for comparison. The
red crosses and the light blue squares show the K band and R band UD
angular diameter curves, respectively, as predicted from the SPIPS code
(Merand et al. 2015a).

measurements. In the visible domain, the reduced y> between
the VEGA (E1E2) and SPIPS UD angular diameters is 9, while
it increases slightly to 11 when we replace the SPIPS angular
diameter variation by a constant corresponding to the average of
the VEGA UD angular diameters, i.e. 1.376+0.030 mas. We thus
detect a pulsation in the visible band, but make three remarks:

1. The VEGA S1S2 measurements provide a mean fyp (with
a reduced y? of 0.9), which is significantly larger than the
E1E2 angular diameter curve by about 100. This suggests
the presence of a large angular structure around the pulsating
Cepheid.

2. The SPIPS predictions are consistent with the VEGA 6yp
angular diameters from 0.0 to 0.8 in phase (with a reduced y?
of 4). This basically means that ¢ Cep is pulsating in a quasi-
hydrostatic way over this range of pulsation phase, even if
the two measurements (at ¢ = 0.741 and ¢ = 0.783) are
slightly below the SPIPS curve (around 20).

3. Five measurements between 0.8 and 1.0 are clearly from 2 to
60 above the SPIPS curve (with a reduced y? of 8).

4. Detection of a circumstellar environment
or a nebulae in the visible

In Fig. 2b, the S1S2 data are fitted with a model (open symbols)
composed of the UD derived from the SPIPS UD angular diam-
eter curve at the corresponding phases of VEGA observations
and a second static disk describing the circumstellar environ-
ment (CSE). The orientation of the S1S2 measurements in the
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2015a).

Phase QROSS HUD [08 um] GUD [22 ,um]
0.00 1.399 1.337 1.385
0.02 1.409 1.347 1.396
0.04 1.420 1.357 1.406
0.06 1.430 1.366 1.415
0.08 1.439 1.373 1.423
0.10 1.449 1.382 1.432
0.12 1.457 1.390 1.440
0.14 1.465 1.398 1.448
0.16 1.473 1.405 1.455
0.18 1.480 1.412 1.462
0.20 1.487 1.416 1.467
0.22 1.492 1.421 1.472
0.24 1.498 1.426 1.477
0.26 1.502 1.431 1.482
0.28 1.507 1.435 1.486
0.30 1.510 1.438 1.489
0.32 1.513 1.441 1.492
0.34 1.515 1.443 1.494
0.36 1.517 1.444 1.496
0.38 1.518 1.442 1.495
0.40 1.518 1.442 1.495
0.42 1.518 1.442 1.495
0.44 1.517 1.441 1.494
0.46 1.515 1.440 1.493
0.48 1.513 1.438 1.491
0.50 1.511 1.435 1.488
0.52 1.508 1.432 1.485
0.54 1.504 1.429 1.481
0.56 1.499 1.424 1.477
0.58 1.494 1.420 1.472
0.60 1.489 1.414 1.467
0.62 1.482 1.408 1.461
0.64 1.476 1.402 1.454
0.66 1.468 1.395 1.447
0.68 1.460 1.387 1.440
0.70 1.452 1.379 1.432
0.72 1.443 1.371 1.423
0.74 1.433 1.362 1.414
0.76 1.423 1.352 1.404
0.78 1.412 1.342 1.394
0.80 1.401 1.331 1.383
0.82 1.390 1.320 1.372
0.84 1.379 1.313 1.363
0.86 1.370 1.305 1.355
0.88 1.364 1.302 1.351
0.90 1.362 1.300 1.349
0.92 1.365 1.304 1.353
0.94 1.371 1.310 1.358
0.96 1.379 1.318 1.366
0.98 1.389 1.327 1.376
mas mas mas

Notes. Gross is the Rosseland angular diameter (provided as an indica-
tion, but not used in this paper); 8yp[0.8 ym] and 6yp[2.2 um] are the
UD angular diameters calculated at 0.8 and 2.2 um, respectively. We
used a distance d of 274 + 11 pc (Benedict et al. 2002).
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Fig. 2. a) S1S2 observed calibrated squared visibilities secured at four
different pulsation phases plotted as a function of the spatial frequency
together with the best fit of uniform disk model (solid blue line). In the
upper right corner we show the corresponding (u, v) coverage. b) Same
data fitted with a two-component model (open symbols) including a
uniform pulsating disk and a CSE (see text). As a comparison, the solid
lines are the corresponding one-component models, i.e. a uniform pul-
sating disk (in the R band) without the CSE.

(u,v) coverage are between 148 and 171 degrees, preventing us
from investigating a non-centrosymmetric CSE. The best-fit pa-
rameters are Ocsg = 8.9 + 3.0 mas (the size of the CSE) and
% = 0.07 + 0.01 (the relative flux contribution of the CSE,
where f.. and f, are the fluxes of the CSE and the star in the
R band, respectively) with a reduced y? of 0.6. The two pa-
rameters, however, are significantly correlated (0.8) owing to the
low number of S1S2 observations. Interestingly, we can also fit
the S1S2 data (with the same reduced y? of 0.6) using a model
composed of a pulsating disk, as in the previous case, together
with a background contribution of 0.07 + 0.01 in flux filling

the field of view of the interferometer. This model physically
corresponds to the visible counterpart of the infrared nebulae
discovered by Marengo et al. (2010) and the HI nebula found
with the Very Large Array (VLA) (Matthews et al. 2012). Un-
fortunately, our S1S2 data are too scarce to distinguish between
these two hypotheses.

We have fitted the S1S2 data with a two-component model
without considering the E1E2 data. Hence, we now have to ver-
ify whether this two-component model is consistent with our
E1E2 data, in particular at minimum radius. In Sect. 3, we find
that the E1E2 measurements are not consistent with a quasi-
hydrostatic pulsating disk at the minimum radius of the star (be-
tween phase 0.8 and 1.0).

In order to address this issue, we plot in panel a) of Fig. 3
%1 [ I%I]lee [\IQE]GA visibilities measured as a function of x =
%, where @yp is fixed and interpolated from the SPIPS
UD angular diameter curve at the corresponding pulsation phase
of VEGA observations. The data are rescaled in such a way
that they can be compared, despite different 6yp (or pulsation
phases) and different wavelengths of observation. This is possi-
ble since the reference is the SPIPS 6yp semi-theoretical curve
represented by the solid blue line expressed by V?(x) = |%|,
where J| is the Bessel function of the first order. This concept
of pseudo-baseline was first introduced by Mérand et al. (2006).
Using this approach, we confirm the three statements found in
Sect. 3:

1. The S1S2 measurements, whatever the pulsation phase, are
significantly lower than in the rescaled uniform disk model
(see the S1S2 measurements, i.e. data with x from approxi-
mately 0.5 to 1.4, Fig. 3b). This deviation is removed as soon
as we consider a resolved structure around ¢ Cep (see below).

2. The data with a pulsating phase from ¢ = 0.0 to ¢ = 0.8 are
consistent with the uniform disk model for E1E2 measure-
ments (blue crosses with x from 1.5 to 2.8 in Fig. 3b).

3. The data with a pulsating phase from ¢ = 0.8 to ¢ = 1.0 are
not consistent with the uniform disk model for E1E2 mea-
surements (green circles around x = 1.7 in Fig. 3b).

In Fig. 3a, we overplot a red dotted line to the squared visibility
curve corresponding to a uniform disk surrounded by the CSE
using the formula

2

) . ey

where fe = 0.065 and f, = 0.935 (corresponding to % =
0.07+0.01 and fie+ fx = 1), s is the mean size ratio between the
CSE and the pulsating disk. Considering the mean UD angular
diameter of the SPIPS curve (Oean = 1.39 mas), we find s, =
6.32. The result is unchanged (i.e. within the width of the line) if
we use the 6.75 and 6.07 values corresponding to the minimum
and maximum UD angular diameters.

We find that the S1S2 measurements are properly fitted
by this two-component model, as expected (Fig. 3c). How-
ever, around x = 1.7 the E1E2 measurements corresponding to
¢ = 0.0-0.8 and ¢ = 0.8—1.0 are respectively above and below
the curve (by about 2¢07). All the E1E2 measurements are partly
above the curve (about 10) at larger frequencies (x > 2.3).

If we consider the model composed of a uniform disk sur-
rounded by a background, we obtain

2J1(x)
X

2J1(s:x)

SeX

Wm=@ + fose

2J1(x)
x

Wm=@

2
)—ﬁw 2
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Fig. 3. Panel a), the VEGA squared visibilities plotted as a function of x = W in order to allow a comparison between data of different

phases (i.e. different 6yp) and effective wavelengths. Five models are overplotted: (1) the UD pulsating disk without CSE from the SPIPS algorithm
(blue solid line); (2) the SPIPS UD pulsating disk + the CSE from Eq. (1) (red dotted line); (3) the SPIPS UD pulsating disk + the CSE from
Eq. (1) but two times brighter (dashed line); (4) the SPIPS UD pulsating disk + the CSE or Eq. (1) but two times fainter (dash-dotted line); (5) the
SPIPS UD pulsating disk + a background contribution filling the field of view of the interferometer (magenta dotted line). The residual between
the observations and models 1 to 4 are shown in panels b), ¢), d), and e), respectively. In panels d) and e) we show only the data corresponding to
phases intervals ¢ = 0.0-0.8 and ¢ = 0.8—1.0, respectively.
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and the corresponding curve is plotted by a magenta dotted line
in Fig. 3a. We arrive at the same conclusions as the model of the
pulsating uniform disk surrounded by a CSE. In particular, we
find the presence of two regimes in phase, even considering a
CSE or a background. We explore two hypotheses.

First, we cannot fit all the VEGA measurements at the same
time if we consider a CSE two times fainter or brighter (see black
dotted and dot-dashed lines in Fig. 3a). Qualitatively, however,
it seems that considering a CSE two times fainter between phase
0.0 and 0.8 is a good compromise to fit the S1S2 and E1E2 mea-
surements together, even if not totally satisfactory (see Fig. 3d).
To consider a CSE two times brighter between phase 0.8 and
1.0 (when the size of the star is at a minimum, and is hot and
bright) helps to fit the data except at large spatial frequencies
(see Fig. 3e). If this hypothesis is correct, then the § Cep would
light up its environment (CSE or background) differently at max-
imum and minimum radius.

The second possibility is to consider that the CSE (or the
background) has a constant brightness and that the discrepancy
found for E1E2 measurements comes mainly from an additional
structure angularly smaller (¢ = 0.0—0.8) or larger (¢ = 0.8—1.0)
in size than the SPIPS 6yp stellar pulsating disk, for instance
a strong limb-darkening variation. The limb-darkening coeffi-
cient, defined as k = %’ is used to convert the fyp diame-
ters into limb-darkened 6; p angular diameters. The k coefficient
variation in the visible band (at 600 nm) and over the cycle of
pulsation of the star is found to be from the hydrodynamical
model of 0.015 (Nardetto et al. 2006a), which corresponds to
about 1%. Similarly, Marengo et al. (2002, 2003) have found a
variation for the k-parameter of about 0.01 and 0.02 for £ Gem
and at 570 nm using quasi-hydrostatic and hydrodynamical mod-
els, respectively. Also for comparison, Davis et al. (2009) used
a phase-dependent k-parameter to analyse their SUSI data of
¢ Car, and found a variation of 0.012. This means typically a
1% difference in Oyp, and thus a 1% difference in x, which cor-
responds to 0.02 in absolute value around x = 1.7 in Fig. 3. Con-
sequently, the limb-darkening variation of 6 Cep is one order of
magnitude lower than the discrepancies found for the E1E2 mea-
surements. In the case of § Cep, the theoretical average value of k
is of 0.954 (Nardetto et al. 2006a). So far, the only published di-
rect measurement of the limb-darkening coefficient of a Cepheid
(in the visible) has been performed by Pilecki et al. (2013) for a
Cepheid (P = 3.80 d) in an eclipsing binary system in the LMC.
They find the limb-darkening effect to be much stronger than ex-
pected for a star of that temperature, giving a possible range for
k from 0.91 to 0.93, assuming however no temperature depen-
dence. Recently, Gieren et al. (2015) studied another Cepheid
in the LMC (P = 2.99 d) and found a similar rather strong
limb-darkening effect. If we consider the lower k value found
by Pilecki et al. (2013), all the E1E2 measurements in Fig. 3
should translate towards lower values of x — 4% or about 0.06.
The measurements in blue crosses in the figure would be bet-
ter fitted, while green open circles would not (in particular near
x = 1.7). The limb-darkening effect is probably not the key issue
to explain the discrepancy found for the E1E2 measurements.

5. Discussion

We observed ¢ Cep intensively on twenty nights. The initial pur-
pose of these observations was to apply the BW method, but
instead we detected for the very first time a static resolved struc-
ture around & Cep contributing to about 7% of the total flux in
the visible. This is not totally surprising as envelopes around

Cepheids have already been discovered by long-baseline inter-
ferometry in the K band with VLTI and CHARA (Kervella et al.
2006; Mérand et al. 2006). In addition, four Cepheids have
also been observed in the N band with VISIR and MIDI
(Kervella et al. 2009; Gallenne et al. 2013) and one with NACO
(Gallenne et al. 2011, 2012). Some evidence has also been found
using high-resolution spectroscopy (Nardetto et al. 2008). From
these observations, the typical size of the envelope of Cepheids
seems to be around 3 stellar radii and the flux contribution from
2% to 10% of the continuum in the K band for medium- and
long-period Cepheids, respectively, while it is around 10% or
more in the N band. However, Mérand et al. (2005) do not men-
tion any contribution from a CSE in the case of ¢ Cep in their
infrared FLUOR data, while Mérand et al. (2006) found an im-
proved agreement with a larger set of data when considering a
model with a CSE. They used a ring model 3.54 mas in size,
0.5 mas in width, and with a relative brightness of 1.5%, which is
confirmed in Merand et al. (2015a). The processes at work in in-
frared and in the visible regarding the CSE are different. We ex-
pect thermal emission in the infrared and scattering in the visible.
It is also worth mentioning that the mid-infrared flux in excess
is not necessarily the evidence for mass loss (see e.g. Schmidt
2015) and that the resolved structure we observe around § Cep,
instead of a CSE, could be simply a visible nebulae (also con-
tributing to 7% of the total flux), as reported in the infrared by
Marengo et al. (2010) and in the radio domain by Matthews et al.
(2012).

Our second result is the presence of an additional second-
order discrepancy between the observations and the models (pul-
sating disk + CSE or pulsating disk + background) at high spa-
tial frequencies, which is not clearly understood. One possibility
could be that the star is lighting up its environment differently
at minimum (¢ = 0.8—1.0) and maximum (¢ =~ 0.0-0.8) ra-
dius. This reverberation effect would then be more important in
the visible than in the infrared since the contribution in flux of
the CSE (or the background) in the visible band is about 7%
compared to 1.5% in the infrared. Interestingly, the phase inter-
val from 0.8 to 1.0 is usually disregarded in the infrared sur-
face brightness version of the BW method owing to general poor
agreement between spectroscopic and photometric angular di-
ameters (Storm et al. 2011a,b). The other possibility is to con-
sider a static environment with a constant brightness in time, but
with an additional dynamical effect. However, from the hydro-
dynamical simulations and observations of Cepheids in eclips-
ing binary systems, it seems that the limb-darkening effect in
the visible band does not vary strongly enough to reproduce
the second-order discrepancy found in our interferometric ob-
servations. Also possible is a strong compression or shockwave
occurring near the photosphere at the minimum radius, which
is indeed the layer probed by photometry and interferometry.
However, such a shock is not seen in the hydrodynamical code
(Nardetto et al. 2004) or in the spectroscopic data, conversely
to X Sgr, an atypical Cepheid in which a shockwave has indeed
been reported (Mathias et al. 2006). Why this dynamical effect is
seen in the visible band and not in the infrared is another pend-
ing question in this hypothesis. We also exclude non-radial pul-
sation, since very accurate space photometry does not support
the detection of such modes in Galactic classical Cepheids (e.g.
Poretti et al. 2015), and the previous spectroscopic campaigns
would have shown up quite easily. Furthermore, Anderson et al.
(2015) found the signature of a companion in recent spectro-
scopic data of ¢ Cep. The expected flux contribution is sup-
posed to be lower than 1% in the visible, clearly not detectable
by VEGA/CHARA. Finally, reverberation seems to be the more
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plausible hypothesis. More interferometric data on Cepheids in
the visible might shed light on it. In particular, covering the spa-
tial frequencies properly (x from 0.2 to 3) at a unique pulsating
phase (maximum and minimum radii) is probably required to go
further in the analysis.
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Appendix A: VEGA observations: Log, transfer functions, and visibility curves
Table A.1. Observing log with the E1E2 baseline.

Date RID HA Amin  Amax Bp PA S/N chalislaltsyst
[yyyy.mm.dd] [days] [hour] [nm] [nm] [m] [deg]

¢ =0.180+0.006  2013.10.26  56591.755 2.19 535 555 65.85 -149.17
2013.10.26  56591.755  2.19 710 730 65.85 -149.16
2013.10.26  56591.755  2.19 725 745 65.85 -149.16
2013.10.26  56591.770  2.55 535 555 65779 -153.92
2013.10.26  56591.770  2.55 710 730 65.79 -153.91
2013.10.26  56591.770  2.55 725 745  65.79 -153.91
2013.10.26  56591.785 2091 535 555 65772 -158.70
2013.10.26  56591.785 291 710 730 65.72 -158.70
2013.10.26  56591.785 291 725 745 65772 -158.70
2014.07.05 56843917 -1.27 730 750 62.08 -106.85
2014.07.05 56843933 -0.87 730 750 63.14 -111.65
2014.07.05 56843958 -0.17 490 510 6452 -120.01
2014.07.05 56843958 -0.16 660 680 64.53 -120.02
2014.07.05 56843979 026 490 510 65.09 -125.08
2014.07.05 56843979 026 660 680 65.10 -125.09

¢ =0.192 £ 0.015 2012.09.24  56194.645 -2.49 547 560 57.61 -91.87
2012.09.24  56194.645 -2.51 710 730 57.53 -91.65
2012.09.24  56194.645 -2.51 730 750 57.53 -91.65
2012.09.24 56194760 0.26 532 547 65.10 -125.10
2012.09.24  56194.760 026 547 560 65.10 -125.10

0.226 +0.050+0.003
0.352 +0.050+0.003
0.438 40.050+0.003
0.186 +0.050+0.003
0.300 +0.050+0.002
0.350 +0.050+0.003
0.161 +0.050+0.002
0.344 +0.050+0.003
0.365 +0.050+0.003
0.320 +0.050+0.002
0.354 10.050+0.002
0.116 +0.050+0.002
0.230 +0.050+0.002
0.121 +0.050+0.002
0.231 40.050+0.002

0.241 10.050+0.002
0.498 4005020003
0.146 +0.050+0.002

RS> SRV SRV I NY. SN RN RN R X =R R

,_‘
o
=
—_
)
NN

i

(=}

[=3

n

(=)

[

(=]

(=3

[=3

S}

2012.09.24 56194760 026 710 730 6509 —125.06 39  0.366 005020003
2012.09.24 56194760 026 730 750 65.09 —125.06 28  0.387 400500003
$=0292+0009 2014.07.11 56849.865 -2.14 585 600 59.09 9630 12 0.312 00250003
2014.07.11  56849.865 -2.14 730 750 59.08 9626 12 0.454 .0039:000
2014.07.11  56849.876 —1.87 585 600 60.10 -99.54 10  0.225 1002320002
2014.07.11  56849.876 —1.88 730 750 60.09 —99.51 12 0.387 10033:0002

2014.07.11 56849931 -0.57 660 680 63.80 -11521 12 0.262 1002240002
2014.07.11  56849.944 —024 660 680 6440 —119.09 8  0.286 100360002
2014.07.11  56849.972 045 610 630 6530 —12745 7  0.269 003720003
2014.07.11 56849984 072 610 630 6552 -130.73 6  0.177 200070002
2014.07.11 56849984 072 630 650 6552 —130.73 6  0.225 10039:0002

¢ =0401+0.003 2012.0829 56168980 391 700 720 6551 —172.09 22  0.290 1001320002
2012.0829  56168.980 391 720 740 6551 —172.09 29  0.362 100120003
2012.0829  56169.013 470 700 720 6547 177.14 18  0.309 001720002
2012.0829  56169.013 470 720 740 6547 177.14 24 0.379 10.016:0.003

¢=0526+0001 2013.07.23  56497.003 190 525 540 65.87 -14543 3 0.094 .0036:0.001
2013.07.23  56497.003 190 540 555 65.87 —14543 12 0.133 0011000
2013.07.23  56497.003 190 710 730 65.87 —14543 11  0.307 0029:0.002
2014.07.07 56845819 -3.51 514 527 5267 -7848 9  0.307 400360003
2014.07.07 56845819 —3.51 527 542 52.67 7848 7  0.264 .0038:000
2014.07.07 56845819 351 695 715 52.66 -78.46 14  0.508 10.036:0.003
2014.07.07 56845831 -326 514 527 5395 8185 8  0.241 .0029:000
2014.07.07  56845.831 -326 527 542 5395 —81.85 10  0.268 00260002

2014.07.07  56845.831 326 695 715 5394 8184 15  0.454 1002920002
$=0627+0017 2013.1023  56588.841 4.12 710 730 6550 -17491 10  0.377 1003920003

2013.1023  56588.841 4.12 725 740 6550 —17491 10  0.361 1003820003
2013.1023  56588.877 491 710 730 6550 174.27
2013.10.23  56588.877 491 725 740 6550 174.27
2014.07.02 56840912 —-1.51 580 595 6135 —103.99
2014.07.02 56840912 -151 730 750 61.35 -103.98
2014.07.02 56840930 —1.13 580 595 62.46 —108.48

2014.07.02  56840.930 -1.13 730 750 62.46 -108.47

0.367 +0.027+0.003
0.197 +0.050+0.002
0.354 10.050+0.002
0.207 +0.050+0.002
0.349 10.050+0.002

N AT O

Notes. The columns give, respectively, the date, the RJD, the hour angle (HA), the minimum and maximum wavelengths over which the squared
visibility is calculated, the projected baseline length Bp and its orientation PA, the signal-to-noise ratio on the fringe peak; the last column provides
the calibrated squared visibility V2 together with the statistic error on V2, and the systematic error on V2 (see text for details). The data are available
on the Jean-Marie Mariotti Center 0iDB service (http://oidb. jmmc. fr), and at the CDS.
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Table A.1. continued.

N. Nardetto et al.: VEGA/CHARA interferometric observations of Cepheids. 1.

Date RID HA  Adnn Amax = Bp PA S/N C{ﬂm&sym
[yyyy-mm.dd] [days] [hour] [nm] [nm] [m] [deg]
¢ =0.741+0.003 2012.09.27 56197.642 240 532 547 5802 —93.06 11  0.272 +0024:0.003
2012.09.27  56197.642 240 547 560 58.02 -93.06 12 0.277 10022:0.003
2012.09.27  56197.642 242 710 730 5792 9279 33 0.459 .0014:0.003
2012.09.27  56197.642 242 730 750 57.92 9279 28  0.516 100180003
2012.09.27  56197.665 —1.79 532 547 6039 -100.54 14  0.280 10020:0.003
2012.09.27  56197.665 -1.79 547 560 6039 -100.54 17  0.297 +0018:0.003
2012.09.27  56197.665 -1.80 710 730 6037 —100.47 30  0.459 100150003
2012.09.27  56197.665 -1.80 730 750 60.37 -100.47 19  0.507 10026:0.003
$=0783+0.002 2013.1024  56589.603 -1.61 547 562 61.03 -102.77 12 0.275 400220003
2013.1024  56589.603 -1.61 705 725 61.03 —102.77 18  0.424 1002310003
2013.10.24  56589.603 —1.61 710 730 61.03 -102.77 26  0.430 1001620003
2013.10.24  56589.603 —1.61 725 740 61.03 -102.77 18  0.509 10028:0.003
2013.1024  56589.603 -1.61 725 745 61.03 —102.77 22 0.461 1002120003
2013.1024  56589.615 —1.35 532 547 6183 -10583 5 0.228 .0050:0.003
2013.10.24  56589.615 —1.35 705 725 61.83 -10583 15  0.468 .0031:0.003
2013.1024  56589.615 -135 710 730 61.83 —105.83 24  0.470 100190003
2013.10.24  56589.615 —1.35 725 740 61.83 -10583 15  0.471 1003120003
2013.10.24  56589.615 —1.35 725 745 61.83 -10583 18  0.461 10026:0.003
2013.1024  56589.625 -1.07 532 547 62.64 -10925 7  0.211 10030:0002
2013.10.24  56589.625 —1.07 705 725 62.64 -10925 16  0.473 1002920003
2013.1024  56589.625 —1.07 710 730 6264 —-109.25 14  0.463 .0033:0.003
2013.1024  56589.625 -1.07 725 740 62.64 —109.25 13 0.426 1003420003
2013.10.24  56589.625 —1.07 725 745 62.64 -10925 17  0.456 1002720003
$=0821+0.012 2014.1024  56954.655 -029 570 585 6432 -11848 11  0.238 100210003
2014.1024  56954.655 -029 730 750 6432 —11847 13 0.336 1005000
2014.1024  56954.678 024 520 535 6507 -12485 7 0.145 .0000:0002
2014.1024  56954.678 024 695 710 6507 -124.84 11  0.374 10033:0.003
2014.1024  56954.699 0.75 660 680 6554 —131.04 17  0.297 100180002
2014.1024  56954.724 135 610 630 6582 -13849 8  0.221 1002720002
¢ =0.848+0.007 2013.12.17 56643578 134 532 547 6581 -13843 6  0.224 .0040:0.003
2013.12.17 56643578 134 535 555 6581 —13843 11  0.210 100200003
2013.12.17 56643578 134 705 725 6581 13841 16  0.321 1002020002
2013.12.17 56643578 134 725 745 6581 13841 14  0.388 .0027:0.003
2013.12.17 56643592 1.65 532 547 6587 -14223 6  0.239 100410003
2013.12.17 56643592 1.65 535 555 6587 14223 6  0.194 1003110003
2013.12.17  56643.592 164 705 725 6587 —14221 11  0.274 1002620002
2013.12.17 56643592 1.64 725 745 6587 —14221 14 0.359 100260003
2013.12.17  56643.603 190 705 725 6587 —14554 9  0.304 1003420002
2013.12.17  56643.614 216 532 547 6586 —148.81 6  0.220 +0037:0.003
2013.12.17  56643.614 216 535 555 6586 —148.81 7  0.208 00300003
2013.12.17  56643.614 216 705 725 6586 —148.77 8  0.332 10040:0.003
2013.12.17  56643.614 216 725 745 6586 —148.77 8  0.300 1003620002
2013.12.17  56643.624 242 705 725 6582 —15221 6  0.385 100620003
2013.12.17  56643.624 242 725 745 6582 15221 6 0.379 10060:0.003
2013.12.17  56643.644 291 532 547 6572 -158.69 5 0.190 10040:0002
2013.12.17  56643.644 291 705 725 6572 —158.66 9  0.386 100420003
2013.12.17  56643.676  3.67 535 555 6556 -168.84 8  0.203 .0026:0.003
2013.12.17  56643.676  3.67 705 725 6556 —168.81 12 0.357 +0030:0.003
2013.12.17  56643.676  3.67 725 745 6556 —168.81 13  0.391 100310003
2013.12.17  56643.687 392 532 547 6552 —17221 8  0.266 1003420003
2013.12.17  56643.687 392 535 555 6552 —17221 6  0.207 10032:0.003
2013.12.17  56643.687 391 705 725 6552 —172.18 13 0.390 10029:0003
2013.12.17  56643.687 391 725 745 6552 -172.18 15 0.370 10024:0.003
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Date RID HA Amin Amax Bp PA SIN czaltstatisyst
[yyyy.mm.dd] [days] [hour] [nm] [nm] [m] [deg]
¢ =0.893 + 0.005 2013.07.25 56498.942 0.64 525 540 6546 -129.77 8 0.174 10.022+0.003
2013.07.25 56498.942  0.64 540 555 6546 -129.77 9 0.191 40.021+0.003
2013.07.25  56498.942  0.64 690 710 6546 —129.77 16  0.287 4001750002
2013.07.25 56498942  0.64 710 730 6546 12977 15  0.302 1002050002
2013.07.25 56 498.942 0.64 730 750 65.46 —-129.77 15 0.361 10.024+0.002
2013.07.25 56498.961 1.04 525 540 65.71 -134.71 5 0.194 10.037+0.003
2013.07.25 56498.961 1.04 540 555 6571 -134.71 7 0.247 1+0.036+0.003
2013.07.25 56498.961 1.04 690 710 6571 -134.70 11 0.310 +0.027+0.002
2013.07.25 56498961  1.04 710 730 6571 —13470 11  0.307 20075000
2013.07.25 56498961  1.04 730 750 6571 13470 11 0.273 +0026:0002
2013.07.25 56498.978 1.41 525 540 65.83 —-139.32 7 0.221 1+0.031+0.003
2013.07.25 56498.978 1.41 540 555 65.83 -139.32 11 0.236 10.022+0.003
2013.07.25 56498.978 1.41 690 710  65.83 -139.31 17 0.299 10.017+0.002
2013.07.25 56 498.978 1.41 710 730  65.83 -139.31 13 0.340 +0.025+0.002
2013.07.25 56498978 141 730 750 65.83 —13931 20  0.297 4001550002
2013.07.25 56498988  1.67 525 540 6587 —14258 9 0.176 4002020002
2013.07.25 56 498.988 1.67 540 555 65.87 -142.58 12 0.208 10.017£0.003
2013.07.25 56498.988 1.67 690 710  65.87 -142.57 22 0.299 10.014+0.002
2013.07.25 56 498.988 1.67 710 730  65.87 —-142.57 15 0.337 1+0.023+0.002
2013.07.25 56 498.988 1.67 730 750  65.87 —142.57 19 0.325 40017+0.002
2013.07.25 56498999 195 525 540 6587 —146.15 11 0.211 1000050003
2013.07.25 56 498.999 1.95 540 555 65.87 -146.15 12 0.238 10.019+0.003
2013.07.25 56 498.999 1.95 690 710 65.87 -146.14 21 0.330 +0.015+0.003
2013.07.25 56498.999 1.95 710 730  65.87 -146.14 25 0.369 +0.015+0.003
2013.07.25 56 498.999 1.95 730 750  65.87 -146.14 18 0.337 +0.018+0.002
2013.07.25 56499.010  2.16 525 540 65.86 —148.78 9 0.186 .0.0200.003
2013.07.25  56499.010  2.16 540 555 6586 —14878 10  0.197 1002050003
2013.07.25 56499.010 2.16 690 710 65.86 —148.77 12 0.288 10.025+0.002
2013.07.25 56499.010 2.16 710 730 65.86 —148.77 13 0.330 +0.025+0.002
2013.07.25 56499.010 2.16 730 750  65.86 —148.77 14 0.314 10.022+0.002
¢ =0.927 £ 0.003 2014.07.09 56847.948 -0.29 580 595 6433 -118.57 5 0.239 10.050+0.002
2014.07.09 56847.948 -0.29 735 755 6433 -118.56 7 0.368 +0.050+0.002
2014.07.09  56847.961  0.03 580 595 6481 —12235 4 0.212 100500002
2014.07.09  56847.961  0.03 735 755 6481 —12233 8  0.390 .0050:000
2014.07.09  56847.978 047 490 510 6532 —127.66 3 0.173 4005050003
2014.07.09 56 847.978 0.47 660 680 6532 -127.65 7 0.341 10.050+0.003
2014.07.09 56 847.990 0.74 490 510  65.54 -130.97 4 0.181 10.050+0.003
2014.07.09 56847.990  0.74 660 680  65.53 -130.96 6 0.307 +0.050+0.003
¢ =0.942 + 0.007 2013.11.26 56 622.628 1.23 547 562 65.78 -137.04 4 0.181 +0.050+0.002
2013.1126  56622.628 123 705 725 6578 —137.03 7 0.327 10050:0002
2013.1126  56622.628 123 725 740 6578 —137.03 6  0.316 +0050:0002
2013.11.26 56 622.644 1.58 547 562  65.86 —141.35 5 0.260 +0.050£0.003
2013.11.26 56 622.644 1.57 705 725  65.86 -141.26 6 0.313 10.050+0.002
2013.11.26 56 622.644 1.57 725 740  65.86 —141.26 7 0.363 .0.050+0.003
2013.11.26 56 622.658 1.90 535 555  65.87 -145.46 2 0.118 40.050+0.002
2013.11.26  56622.658 190 547 562 6587 —14546 3 0.165 100505000
2013.11.26  56622.658 190 705 725 6587 —14545 6  0.284 1005020003
2013.11.26 56 622.658 1.90 725 740  65.87 -14545 6 0.297 1+0.050£0.002
2013.11.26 56 622.698 2.85 597 617 6573 -157.82 4 0.214 10.050+0.002
2013.11.26 56 622.698 2.85 617 637 6573 -157.82 5 0.248 .0.050+0.002
2013.11.26 56622.712 3.17 617 637  65.66 -162.08 6 0.313 .0.050+0.003
¢ =0.999 + 0.025 2013.10.25 56590.620 -1.09 705 725 6259 -109.03 16 0.430 +0.027+0.003
2013.1025  56590.620 —1.09 725 745 6259 —109.03 17  0.469 1002720003
2013.10.25 56590.841 4.20 532 547 6549 -176.10 10 0.189 +0.019+0.002
2013.10.25 56590.841 4.20 705 725 6549 -176.09 19 0.372 40.0190.003
2013.10.25 56590.841 4.20 725 745 6549 -176.09 20 0.426 0.022+0.003
2013.10.25 56590.860  4.68 532 547 6549 177.37 3 0.195 +0.024:0.003
2013.10.25 56590.860  4.68 705 725 6549  177.37 14 0.346 +0.024+0.003
2013.10.25 56 590.860 4.68 725 745  65.49 177.37 18 0.382 40.025+0.003
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Table A.2. Observing log with the S1S2 baseline.

Date RID HA Amin~ Amax Bp Arg S/N Czalismtisyst
[yyyy-mm.dd] [days] (h] [nm] [nm]  [m] [deg]
¢ =0.300 2008.08.03 54681988  2.36 628 632 29.01 148.13 13 0.649 .0037+0.003
2008.08.03 54681988  2.36 654 658 29.01 148.13 15 0.763 10.049+0.003
¢ =0.543 + 0.009 2008.07.30 54677.894 -0.19 629 632  30.97 171.02 8 0.667 +0.079+0.003
2008.07.30 54677.894 -0.19 654 658 3097 171.01 11 0.694 .0 063+0.003
2008.07.30 54677958 1.37 530 533 30.08 156.84 12  0.615 104940004
2008.07.30 54677958 1.37 553 558 30.08 156.84 13 0.629 10,048+0.004
¢ = 0.666 + 0.006 2008.08.05 54683.928 1.10 554 559 30.29 159.25 12 0.619 10.030+0.004
2008.08.05 54683974 2.18 507 510 29.24 149.68 6 0.544 10.096+0.004
¢ =0.821 +0.012 2014.10.24 56954.792 299 570 585 28.10 142.69 20  0.655 1003340001
2014.10.24 56954792  2.99 730 750 28.10 14270 23 0.752 10.033+0.001
2014.10.24 56954.812 3.49 695 710  27.25 138.53 24 0.720 +0.030+0.001
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Fig. A.1. Two calibrators, C1 and C2, used to calibrate the VEGA/CHARA data of 6 Cep are compared in terms of transfer functions with six
other calibrators, C3 to C8 (listed in Table 2), on six different nights during 2008 and 2009. The consistency between the calibrators, which is
shown by a linear fit (black line), is independent of the two-telescope baseline considered, S1S2 or W1W2.
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Fig. A.2. Transfer function (calculated either from the C1 or C2 calibrator) is shown together with the raw visibilities of the target (T) for four
different nights in our sample, using different spectral configurations and two baselines, E1E2 and S1S2. For nights 2008 July 30 and 2014 October
24, the squared visibilities (or transfer functions) associated with calibrators C1 and C2 cannot be consistently compared as they correspond to
different spectral configurations, but they are shown to illustrate the quality of the data. The 2014 October 24 observing night is the only one for
which we have successive data from E1E2 (from around 3.5h to 6h in UTC) and S1S2 (from around 6.5h to 8h in UTC). For nights 2013 July 25
and 2013 December 17, the instrument configuration is the same over the entire observing time, and the stability of the transfer function is evident
(black line).
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Fig. A.3. Observed calibrated squared visibilities (red dots) are plotted as a function of the spatial frequency for each pulsation phase (indicated
in the lower left corner of each panel) together with the best fit of uniform disk model (solid blue line). In the upper right corner (inset panel) we

show the corresponding (
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Fig. A.3. continued.
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