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ABSTRACT

Context. Rotation significantly impacts on the structure and life of stars. In phases of high rotation velocity (close to critical), the
photospheric structure can be highly modified, and present in particular geometrical deformation (rotation flattening) and latitudinal-
dependent flux (gravity darkening). The fastest known rotators among the nondegenerate stars close to the main sequence, Be stars,
are key targets for studying the effects of fast rotation on stellar photospheres.

Aims. We seek to determine the purely photospheric parameters of Achernar based on observations recorded during an emission-free
phase (normal B phase).

Methods. Several recent works proved that optical/IR long-baseline interferometry is the only technique able to sufficiently spatially
resolve and measure photospheric parameters of fast rotating stars. We thus analyzed ESO-VLTI (PIONIER and AMBER) interfer-
ometric observations of Achernar to measure its photospheric parameters by fitting our physical model CHARRON using a Markov
chain Monte Carlo method. This analysis was also complemented by spectroscopic, polarimetric, and photometric observations to
investigate the status of the circumstellar environment of Achernar during the VLTI observations and to cross-check our model-fitting
results.

Results. Based on VLTI observations that partially resolve Achernar, we simultaneously measured five photospheric parameters of a
Be star for the first time: equatorial radius (equatorial angular diameter), equatorial rotation velocity, polar inclination, position angle
of the rotation axis projected on the sky, and the gravity darkening g coefficient (effective temperature distribution). The close cir-
cumstellar environment of Achernar was also investigated based on contemporaneous polarimetry, spectroscopy, and interferometry,
including image reconstruction. This analysis did not reveal any important circumstellar contribution, so that Achernar was essentially
in a normal B phase at least from mid-2009 to end-2012, and the model parameters derived in this work provide a fair description of its
photosphere. Finally, because Achernar is the flattest interferometrically resolved fast rotator to-date, the measured 8 and flattening,
combined with values from previous works, provide a crucial test for a recently proposed gravity darkening model. This model offers
a promising explanation to the fact that the measured 8 parameter decreases with flattening and shows significantly lower values than
the classical prediction of von Zeipel.

Key words. stars: rotation — stars: individual: Achernar — methods: observational — methods: numerical — techniques: interferometric —
techniques: high angular resolution

1. Introduction (1) the physical structure and evolution of fast rotators; and (2)

) ) . the physical mechanism(s) connected with the Be phenomenon

The rapidly rotating Be star Achernar (@ Eridani, HD 10144) (e.g., episodic mass and angular momentum losses, disk for-

is a key target in stellar physics for a deeper understanding of  agion and dissipation). It is thus crucial to determine a real-

istic model of Achernar’s photosphere by measuring its main

* Based on observations performed at ESO, Chile under VLTI relevant physical parameters such as radius, rotation velocity,
PIONIER and AMBER programme IDs 087.D-0150 and 084.D-0456.
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temperature distribution (gravity darkening), mass, and inclina-
tion. Because it is the closest and brightest Be star in the sky,
the photosphere of Achernar and its close vicinity can at least be
partially resolved by modern high angular resolution instruments
that can probe spatial scales ranging from ~1 to ~100 mas.

In particular, the ESO-Very Large Telescope Interferometer
(VLTT; Haguenauer et al. 2010) instruments are well-adapted to
this study. Observations performed in 2002 with the commis-
sioning beam-combiner VLTI/VINCI revealed a strong appar-
ent oblateness (rotational flattening) and suggested an extended
structure that accounts for a few percent of the photospheric
flux (Domiciano de Souza et al. 2003; Kervella & Domiciano
de Souza 2006). This strong flattening could not be explained
by the commonly adopted stellar rotation models, and two pos-
sibilities were proposed to account for it: differential rotation
(Jackson et al. 2004), and a residual circumstellar disk (Carciofi
et al. 2008). By studying the time variation of He line profiles,
Vinicius et al. (2006) showed that a weak but measurable emis-
sion (relative to a reference spectra) was detectable at the epoch
of the VLTI/VINCI observations; this supports the hypothesis of
a residual disk.

In addition, direct high angular resolution imaging revealed
a faint, lower-mass binary companion to the Be star, at angular
separations of ~50-300mas (Kervella et al., in prep.; Kervella
et al. 2008; Kervella & Domiciano de Souza 2007).

These works show that studying Achernar as a simple fast
rotator to extract its photospheric parameters is a delicate task,
since one has to consider its B&Be cycle as well as the possible
influence of the binary companion. In this paper we seek to de-
termine the purely photospheric parameters of Achernar based
on a physical model of rapidly rotating stars and on VLTI obser-
vations recorded during a quiescent, emission-free phase (nor-
mal B phase).

The VLTI observations and data reduction are described in
Sect. 2. In Sect. 3 we present a detailed investigation of the possi-
ble influence of a circumstellar disk and/or the binary companion
on the interferometric observations. The adopted model and the
photospheric parameters of Achernar measured from a model-
fitting procedure are presented in Sects. 4 and 5. Deviations from
the photospheric model and the photosphere vicinity of Achernar
possibly revealed by the VLTI observations are investigated in
Sect. 6, in particular using interferometric image reconstruction.
Finally, the conclusions of this work are given in Sect. 7.

2. Interferometric observations and data reduction
2.1. VLTI/PIONIER

Near-infrared interferometric data of Achernar were obtained in
2011/Aug.-Sep. and 2012/Sep. with the PIONIER beam com-
biner (Le Bouquin et al. 2011) at the ESO-VLTI (Haguenauer
et al. 2010). We used the largest quadruplet available with the
Aucxiliary Telescopes (AT) at that time (A1-G1-KO-I1) to resolve
the stellar photosphere as much as possible. The resulting uv
coverage is shown in Fig. 1. Depending on the night, the data
were dispersed over three or seven spectral channels across the
H band. Table 2 summarizes the log of observations.

The observations of Achernar were interspersed with inter-
ferometric calibrator stars to estimate the transfer function of
the instrument. We selected these calibrators in the catalog by
Cohen et al. (1999), adapted by Bordé et al. (2002), and in the
JMMC Stellar Diameters Catalog' (JSDC, Lafrasse et al. 2010)

! http://cdsarc.u-strasbg. fr/viz-bin/Cat?II/300
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Fig. 1. uv coverage of VLTI/PIONIER observations of Achernar. The
AT baselines used are identified with different colors. Image adapted
from the OIFITSExplorer/JMMC tool.

using the SearchCal tool developed by the JMMC? (Bonneau
et al. 2006). The main properties of the selected stars are listed in
Table 1. We chose to use two types of calibrators: bright calibra-
tors (HD 9362 and HD 12524) and fainter calibrators (HD 6793
and HD 187691). The bright calibrators provide a high photo-
metric signal-to-noise ratio (S/N), and a very high precision
on the calibration of the visibilities and closure phases. The
fainter stars provide a cross-check of the adopted angular size
of the bright calibrators and of their measured closure phases.
Their small angular diameter results in a high fringe visibility
(V =~ 80%) and a very low systematic calibration uncertainty.
We observed no deviation of the selected calibrators from central
symmetry that might have been caused by binarity, for example.

Data were reduced and calibrated with the package pndrs
(Le Bouquin et al. 2011). Each observation provides six squared
visibilities V2 and four closure phases CP. This dataset is avail-
able upon request in the standard OIFITS format.

2.2. VLTVAMBER

Domiciano de Souza et al. (2012a) described and analyzed
VLTI/AMBER HR differential phase observations of Achernar
around the Bry line. The observations were recorded in 2009
(Oct. 25, Oct. 26, Oct. 30, and Nov. 1) with the high spectral
resolution mode and using the FINITO fringe tracker. In this pa-
per we reanalyze these AMBER differential phases together with
the PIONIER data, since they were both taken during a diskless
phase, as demonstrated in the next section.

3. Disk and companion status during the VLTI
observations

The Be and binary nature of Achernar may imply temporal
variabilities of observables with possible detectable spectro-
interferometric signatures. It is thus important to determine
which physical components should be included in the models to
interpret VLTI observations from a given epoch. Indeed, Carciofi
et al. (2008) showed that the presence of a residual circumstellar
disk is a promising explanation of the strong flattening measured

2 http://www.jmmc.fr/
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Table 1. Interferometric calibrators used for the PIONIER observations of Achernar.

Name Sp.type  my my mg Oip (mas)  Q@up (mas)  Ref. code
HD 6793 G5III 534 325 324 1.08+0.08 1.06+0.08 B06
HD 9362 Kolb 395 1.75 1.65 224+0.02 2.17+0.02 B02
HD 12524 KS5III 516 1.69 152 277+0.03 2.67+0.03 B02
HD 187691 F8V 512 386 390 0.72+0.05 0.70+0.05 B06
HD 216956 A4V 1.16 1.05 1.05 222+0.02 2.20+0.03 A09
HD 14641 KSIIT 5.82 219 202 220+0.03 2.12+0.02 B0O2

Notes. VHK magnitudes are given, as well as limb-darkened (LD) and uniform-disk (UD) angular diameters. The references are B02: Bordé et al.
(2002), B06: Bonneau et al. (2006), A09: Absil et al. (2009). The interferometric signature of fast-rotation and debris disk of HD 216956 is
significantly below the observational uncertainties so that this star was used as a suitable calibrator.

Table 2. Log of VLTI/PIONIER observations of Achernar.

Date Nb observations ~ Nb spec. channels
2011 Aug. 06 4 3
2011 Sep. 22 10 7
2011 Sep. 23 9 7
2012 Sep. 16 9 3
2012 Sep. 17 3 3

in the 2002 VLTI/VINCI observations (Domiciano de Souza
et al. 2003). The presence of this residual disk is supported by a
2002 Ha profile that shows a weak but measurable emission su-
perposed on the stronger photospheric absorption (Vinicius et al.
2006).

Based on our observations of Achernar (Kervella et al.,
in prep.), the binary companion was located close to apastron
(separation ~200—300 mas) during the PIONIER observations,
which is outside the field of view of this instrument. These ob-
servations were performed at the VLT instruments NACO and
VISIR and are based on several high angular resolution imaging
techniques such as direct imaging, lucky imaging, adaptive op-
tics, and aperture masking. Although the stellar photosphere is
not resolved by these observations, they allow one to follow the
time evolution of the binary system by resolving both compo-
nents at different orbital phases.

Concerning the possible influence of a Be circumstellar disk,
a more thorough analysis is required as described below.

3.1. Search for polarimetric and spectroscopic signatures
of a Be circumstellar disk

To investigate the presence and strength of a possible circumstel-
lar disk during the VLTI (PIONIER and AMBER) observations
(Sect. 2), we analyzed contemporaneous broadband polarimetry
(B and V) and hydrogen line profiles (Ha and HB). These obser-
vations span from 2009 July to 2012 November.

Imaging polarimetry in the B and V bands was obtained us-
ing the IAGPOL polarimeter attached to the 0.6 m Boller &
Chivens telescope at OPD/LNA?, Brazil. We used a CCD cam-
era with a polarimetric module described by Magalhies et al.
(1996), consisting of a rotating half-wave plate and a calcite
prism placed in the telescope beam. A typical observation con-
sists of 16 consecutive half-wave plate positions separated by
22.5°. In each observing run at least one polarized standard star
HD 41117 or HD 187929 was observed to calibrate the observed
position angle. Details of the data reduction can be found in

3 Observatério Pico dos Dias/Laboratério Nacional de Astrofisica.

Table 3. Summary of broadband polarization data that are contempora-
neous to the VLTI observations.

Date Band Polarization(%)
2009 Sep. 21 B 0.008 + 0.011
2009 Nov. 18 B 0.014 = 0.026
2011 Jun. 29 B 0.016 + 0.038
2011 Sep. 2 B 0.014 + 0.036
2011 Sep. 2 Vv 0.025 £ 0.015
2011 Sep. 9 B 0.027 £ 0.018
2011 Sep. 9 Vv 0.023 + 0.017
2011 Sep. 29 B 0.008 + 0.030
2011 Sep. 29 Vv 0.013 £ 0.018
2011 Oct. 19 B 0.026 + 0.039
2011 Oct. 19 Vv 0.013 £ 0.016
2011 Nov. 3 Vv 0.015 + 0.036
2012 Jul. 1 % 0.017 £ 0.015
2012 Nov. 21 Vv 0.035 + 0.050

Notes. These data are plotted in Fig. 2.

Magalhaes et al. (1984). A summary of our polarimetric data
is presented in Table 3.

The IAGPOL data, shown in Fig. 2, exhibit values compat-
ible with no intrinsic polarization, having a weighted average
polarization of only 0.019 + 0.012% during the observed period.
This average is used in Sect. 3.2 as an upper limit to the po-
larization from a possible residual disk. This low polarization
level contrasts with the measurements from a period of stellar
activity in 2006, where the presence of circumstellar material
lead to a polarization 10 times higher (up to 0.19% in B band),
as shown by Carciofi et al. (2007). These authors also reported
a clear spectroscopic signal with an Ha emission-to-continuum
(E/C) ratio of ~1.06. The polarization values shown here also
suggest no significant contribution from the interstellar medium
to this quantity.

In addition to the polarimetric data, He and HB spectra of
Achernar contemporaneous to the VLTI observations were also
analyzed in search for possible signatures of a circumstellar disk.
We obtained seven spectra at OPD/LNA, using the Cassegrain
spectrograph (ECass) with 600 groove mm~' grating blazed at
6563 A in first order, resulting in a reciprocal dispersion of
1.0 A pixel~!. FEROS and HARPS spectra were also used to
complement the OPD data. The spectroscopic observations are
summarized in Table 4.

Following Rivinius et al. (2013), we adopted the FEROS
spectra from early 2000 as a reference photospheric spectrum for
Achernar. In Fig. 3 we plot the Ha and Hg line profiles (top pan-
els) and the difference profiles, computed as the difference be-
tween the observed profiles and the reference FEROS spectrum

A10, page 3 of 15
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Fig. 2. Polarimetric observations at the epochs of ESO-VLTI AMBER and PIONIER data of Achernar analyzed in this work (vertical hatched bars).
All the measurements are compatible with null/negligible polarization. The horizontal gray bars indicate the weighted average of the polarization:
0.019+0.012%. Vertical lines correspond to epochs of Ha (dotted) and HB (dot-dashed) data observations with colors corresponding to the spectra
shown in Fig. 3. The spectroscopic and polarimetric data are thus contemporaneous and embrace the interferometric observations in time.

Table 4. Summary of spectroscopic data of Achernar that are contem-
poraneous to the VLTI observations.

Date H line Instrument Min. Resolution
2000 Jan. 11 Ha + H3  ESO/FEROS 54000
2009 Jul. 1 Ha + HB3  ECass/OPD 3400
2009 Nov. 18 Hp ECass/OPD 3400

2011 Jun. 27 Ha ECass/OPD 5400
2011 Sep. 28 Ha + HB  ECass/OPD 3400

2011 Dec. 12 Ha + HB ESO/HARPS 109 000
2012 Aug. 7 Ha ECass/OPD 5400

2012 Oct. 14 Hp ECass/OPD 3400
2012 Nov. 20 Ha ECass/OPD 5400

Notes. The typical S/N ratio is 300. The Ha and H@ spectra are shown
in Fig. 3.

(bottom panels). All difference profiles are completely feature-
less, with difference values typically between —0.012 and 0.012.

Thus, the polarimetric and spectroscopic data above suggest
that the presence of a strong Be disk contemporaneous to the
interferometric data can be discarded. In the following we quan-
tify this assumption based on physical models of Be disks con-
strained by the observational limits imposed by the contempo-
raneous polarimetry (below 0.019 + 0.012%) and spectroscopy
(disk signatures below 0.012 in absolute values relative to a pho-
tospheric profile).

3.2. Residual disk

We investigate here whether the presence of a weak residual
disk that is hard to detect from non-angularly resolved ob-
servations could still affect the interferometric observations of

A10, page 4 of 15

Achernar. This weak disk is constrained by the limits imposed
by contemporaneous polarimetric and spectroscopic data deter-
mined in the previous section.

Using radiative transfer simulations from the HDUST code
(Carciofi & Bjorkman 2006), we computed a grid of models
based on our previous grid used to investigate the 2002 phase
of Achernar (Carciofi et al. 2008): a large and dense disk in hy-
drostatic equilibrium (i.e., geometrically thin) and a smaller and
more tenuous disk with enhanced scale height (i.e., geometri-
cally thick). We adopted a power-law radial density profile,

Req m
p(r) =P0(T) , ey

where R is the stellar equatorial radius where the disk starts
(inner disk radius), po is the density of the disk at R.q (density
scale), and m is chosen as 3.5 corresponding to the steady-stade
regime of a viscous decretion disk (VDD) model (cf. Haubois
et al. 2012, and references therein). To study the influence of the
disk on the different observables we varied py considering two
sets of disk sizes R4 and scale heights H at the inner disk radius.
Table 5 details the parameters of these two sets of VDD mod-
els. In addition to these VDD models, we also used HDUST to
compute a reference ellipsoidal photospheric model of Achernar
compatible with the more physical photospheric model deter-
mined in Sect. 4.

The dependence of the polarimetric and spectroscopic ob-
servables on the density py for the two VDD models are shown
in Fig. 4, where the quantities predicted from the models are
compared with our observational constraints. By comparing the
modeled and observed limits determined in Sect. 3 for the po-
larization and difference Ha spectra, we can set strict upper
limits to po: pg < 0.52 x 10712 gem™ (thin disk) and py <
0.65x 10712 g cm™3 (thick disk). As shown in Fig. 4, these limits
are mainly imposed by the polarimetric data.
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Fig. 3. Top: Ha (left) and Hp (right) line profiles of Achernar at the epoch of interferometric observations. Bottom: difference in flux of the line
profiles with respect to the reference FEROS spectrum from 2000 Jan. 11. This spectrum can be considered as a good approximation to the pure
photospheric profile of Achernar (Rivinius et al. 2013). Whenever possible (enough spectral resolution) the telluric lines seen in some spectra have
been removed before computing the differences. The horizontal shaded (gray) areas indicate the typical error on the difference profiles and also
set a limit to them.
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determined from observations performed at the epoch of interferometric observations, as explained in Sect. 3. While the measured Ha difference
profile level does not impose a limit to py, the measured average polarization sets a strict upper limit to this quantity: py < 0.52 x 1072 gcm™ for
the thin-disk model and py < 0.65 x 10712 gcm™ for the thick-disk model.

Table 5. Parameters of the two geometrical configurations of the resid-  thus shows that the limits to py imposed by polarimetry are also

ual VDD models. reliable upper limits to hydrogen spectral lines.
By adopting these limits to py we now evaluate the signatures
Disk po range Ry H, that a possible residual disk might have on our interferometric
Model (1072 gem™) (Ro)  (Ro) observations of Achernar. These evaluations are shown in Fig. 6,
1 (thin) 0.2-7.5 11.0 037 which compares the H band squared visibilities V2, and Bry dif-
2 (thick) 0.2-7.5 10.1  0.73 ferential phases computed with the two VDD models (Table 5)

with the expected values for the purely photospheric model. All
deviations from the photospheric model are well within the typ-
ical observational errors on these interferometric quantities.

Therefore, in the following analysis we can safely rule out
any effects of the known companion and of a significant residual
disk around Achernar on our interferometric observations.

Notes. The photospheric parameters are kept constant for the simula-
tions. For a given density py the total mass of the disk is the same for
both models.

Figure 5 shows detailed a comparison of the VDD modeled
Ha line profiles for these two pg limits with the photospheric
profile. As expected, the difference profiles have almost every-

where values within the +0.012 limit determined from the ob- 4. Achernar’s photospheric parameters from VLTI

served difference profiles (Sect. 3). Only at the wings of the Ha
profiles the VDD models present some weak signatures differing
slightly from the pure photospheric profile. This detailed inves-
tigation of Ha profiles combined with the results from Fig. 4

observations

Based on the results from the previous section we adopted a
model of a fast rotating, single B star without circumstellar

A10, page 5 of 15
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environment as a starting point to interpret the interferometric
data of Achernar.

4.1. Photospheric model of fast-rotating stars

Most recent works describe the photospheric structure of rapidly
rotating, nondegenerate, single stars of intermediate to high
masses by adopting a Roche model (rigid rotation and mass con-
centrated in the stellar center) with a generalized form of the
von Zeipel gravity darkening (von Zeipel 1924). We adopted
this model since it has proven to well reproduce many distinct
observables on rapid rotators (e.g., this work on Achernar and
the cited references on other stars). Whether this is the only/best
representation for their photospheres could be tested based on
future and more precise observations.

Many codes exist that provide similar numerical implemen-
tations of this model, hereafter called the RVZ model. The ref-
erence numerical code for the RVZ model used here is the IDL-
based program CHARRON (Code for High Angular Resolution
of Rotating Objects in Nature). We present below a short de-
scription of CHARRON in the context of the present work. A
more detailed description is given by Domiciano de Souza et al.
(2012a,b, 2002).

The stellar photospheric shape follows Roche equipotential
(gravitational plus centrifugal),

v - ~GM _ QR @O)sin9  GM Vi
" RO 2 © Rygq 27

@
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where 6 is the colatitude, M is the stellar mass, and Req and Veq
are the equatorial radius and rotation velocity. Solving this cubic
equation provides the colatitude-dependent stellar radius R(6).

Gravity darkening is considered by relating the local effec-
tive gravity geg(0) (= |[-VW¥(0)|) to the local effective temperature
T.w(6) by,

C 0.25
Ten(6) = (;) (), 3)

where o is the Stefan-Boltzmann constant and (3 is the gravity-
darkening coefficient, which is more general than the § = 0.25
value from von Zeipel (1924), but which is still assumed to be
constant over the stellar surface. We note that for the spectral
type of Achernar we can neglect any radiative acceleration ef-
fects since it is far from the Eddington limit. The proportionality
constant C can be derived from stellar physical parameters such
as mass and luminosity (e.g., Maeder & Meynet 2000) or related
to a fixed point on the photosphere (the stellar pole, for exam-
ple). In this work, the constant C and the stellar luminosity L are
related to the average effective temperature Tz over the total
stellar surface S , (area of the Roche photosphere),

L=c f T40)dS = 0TS, = C f g (6)ds. @)

T.¢ can be directly related to the bolometric flux Fyo and to the

mean angular diameter Q) (diameter of spherical star having a
surface area S ) by,

= O-TeﬁT’ (5)

where d is the distance to the star.

In our numerical implementation of the RVZ model the
stellar surface is divided into a predefined grid with nearly
identical surface area elements (typically ~50000 surface el-
ements). From T.4(6) and g.q(6) defined in the above equa-
tions, a local specific intensity from a plane-parallel atmosphere
I = I(ges, Ter, A, ) 1s associated with each surface element,
where A is the wavelength and y is the cosine between the nor-
mal to the surface grid element and the line of sight (limb dark-
ening is thus automatically included in the model). The local
specific intensities / are interpolated from a grid of specific in-
tensities that are pre-calculated using the spectral synthesis code
SYNSPEC (Hubeny & Lanz 2011) and the ATLASO stellar at-
mosphere models (Kurucz 1979). For Achernar, we adopted at-
mosphere models with turbulent velocity of 2kms™" and solar
abundance in agreement with its spectral type and short distance.

From the local specific intensities we obtained wavelengh-
dependent intensity maps of the visible stellar surface at the cho-
sen spectral domain and resolution, such as the image given in
Fig. 11. The interferometric observables (e.g., squared visibil-
ities, closure phases, differential phases) are then directly ob-
tained from the Fourier transform of these sky-projected pho-
tospheric intensity maps, which for a given star in the sky also
depend on its rotation-axis inclination angle i and on the position
angle of its sky-projected rotation axis PA;q (counted from north
to east until the visible stellar pole).

Thus, the main input parameters of the photospheric RVZ
model for fast rotators used to interpret the interferometric ob-

servations of Achernar are M, Req, Veq, B, Teft, I, PAror, and d.
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Fig. 6. Interferometric observables, squared visibilities V2 in the H band (left), and Bry differential phases (right), computed for the pure pho-
tospheric model (black solid line) and for the two residual-disk models as defined in Table 5 at the upper limit values of py (cf. Fig. 4):
0.52 x 1072 gem™ (thin disk; blue solid line) and 0.65 x 107'? gcm™ (thick disk; blue dashed line). The baseline position angle PA was
chosen to lie along the stellar equator (cf. Sect. 4.2), so that the effects of the residual disk are maximized on these comparisons. The baseline
length for the differential phase calculations roughly corresponds to half of the maximum available length. Bottom: the difference between the
interferometric observables from the disk models relative to the photospheric model. The shaded areas correspond to the typical observational
errors from our PIONIER and AMBER observations. These difference plots show that the disk contribution to the interferometric observables is
only a small fraction of the observation errors even at the upper limit py, discarding any detectable influence of a circumstellar disk on the present

interferometric observations of Achernar.
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4.2. Fitting of the CHARRON model to VLTI/PIONIER data
with an MCMC method

We used the CHARRON model to constrain several photo-
spheric parameters of Achernar from the PIONIER observa-
tions (described in Sect. 2.1), which consists of a homogenous

burn-in phase of the MCMC fit of the CHARRON
RVZ model to the VLTI/PIONIER data using the em-
cee code (800 walkers and 200 iteration steps).

200

data set obtained with the same beam-combiner instrument
at ESO-VLTIL. To be compatible with the observations, the
CHARRON intensity maps were calculated over the H band
with a spectral resolution of ~20—40. We note that in broadband
observations, the effect of bandwidth smearing (mixing of differ-
ent spatial frequencies in a given wavelength bin) can lead to a
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Fig. 8. Histogram distributions and two-by-two correlations for the free parameters (Req, Veq, i, 8, and PA,y) of the best-fit CHARRON RVZ model
determined with the emcee code (800 walkers). The mean values and associated uncertainties obtained from these histograms are given in Table 6.
The parameters do not show strong correlations in the region defined by the uncertainty around the mean values. The stronger correlation is shown
by Veq and i, which roughly follow a curve of constant V4 sini (=260.3 km s7h, represented by the solid lines, with the circles indicating the mean
values in the histograms. The rectangles cover the corresponding uncertainty ranges on V.4 and i.

decrease of visibility contrast and should in principle be consid-
ered. However, we checked that the bandwidth-smearing effect
does not need to be considered in the present analysis because
(1) the squared visibilities are higher than 0.3-0.4, which min-
imizes this effect (Kervella et al. 2003); and (2) the data span a
few wavelength bins over the H band so that the range of spa-
tial frequencies mixed is narrow. Based on results from previous

works, M, Teﬂ‘, and d were fixed to the following values:

- M = 6.1My. Value from Harmanec (1988), previ-
ously adopted by Domiciano de Souza et al. (2012a).
This mass also agrees (1) with the estimate from
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Jerzykiewicz & Molenda-Zakowicz (2000) (M = 6.22 +
0.16 M) based on evolutionary tracks; and (2) with the mass
estimate from an on-going work on Achernar’s binary sys-
tem (Kervella et al., in prep.);

Terr = 15000 K. Value adopted by Domiciano de Souza et al.
(2012a) following Vinicius et al. (2006). A critical discus-
sion on this value and comparisons with other works are pre-
sented in Sect. 5;

d = 42.775 pc. We adopted the updated distance derived from
the new reduction of the Hipparcos astrometric data and pro-
vided by van Leeuwen (2007).
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Table 6. Physical parameters of Achernar derived from the fit of the RVZ model (CHARRON code) to VLTI/PIONIER H band data using the

MCMC method (emcee code).

Free model parameters fitted

Values and uncertainties

Equatorial radius: R.q (Ro)"

Equatorial rotation velocity: Vq (km )
Rotation-axis inclination angle: 7 (°)
Gravity-darkening coefficient: 8
Position angle of the visible pole: PA, (°)

9.16 (+0.23; -0.23)
298.8 (+6.9; =5.5)
60.6 (+7.1; =3.9)

0.166 (+0.012; —0.010)

216.9 (+0.4; -0.4)

Derived parameters Values
Equatorial angular diameter: (Deq = 2Rcq/d (mas) 1.99
Polar radius: R, (Ro) 6.78
Req/Rp; €= 1 —R,/Req 1.352;0.260
Apparent flattening (major to minor axis ratio) 1.30
Mean angular diameter: () (mas) 1.77
Veqsini (kms™) 260.3
Critical rotation rate’: Veg/Ve; Q/Q 0.883; 0.980
Keplerian rotation rate®: Viq/Vi; Q/€ 0.838; 0.838
Polar temperature: T, (K) 17124
Equatorial temperature: Ty (K) 12673
Luminosity: log L/ L, 3.480
Equatorial gravity: log geq 2.772
Polar gravity: log g, 3.561
Rotation period: P,y (h) 37.25
Rotation frequency: vyo (d™") 0.644

Notes. Details of the fit are given in Sect. 4.2. @ The uncertainty in the distance d from van Leeuwen (2007) was added quadratically to the fit
uncertainty on Req. ® Critical (Roche model) linear (V,) and angular (Q.) velocities: V. = QcReqc = \JGM/Rey, With Rq. = 1.5R,, (critical
Roche equatorial radius). © Keplerian (orbital) linear (Vi) and angular (Q;) velocities: Vi = QuReq = \/GM/R,.

The free parameters are thus Req, Veq, i, 8, and PA.

The model-fitting was performed using the emcee code
(Foreman-Mackey et al. 2013), which is a Python implemen-
tation of a Markov chain Monte Carlo (MCMC) method pro-
posed by Goodman & Weare (2010). This code has been re-
cently used by Monnier et al. (2012) to interpret interferometric
observations.

From a given likelihood function of the parameters, emcee
provides histograms of the free model parameters (samplings
of the posterior probability) from which one can estimate the
best parameter values and associate uncertainties. In the present
work, the measurement errors on V2 and CP are all assumed to
be independent and normally distributed so that the likelihood
function is proportional to exp(—y?), where y? has its usual defi-
nition and is composed of x* = x5, + x¢p (sum of x* from the V>
and CP data, respectively). To equally explore an homogenous
range of initial values, we adopted initial uniform distributions
for the five free CHARRON parameters that cover a wide range
of physically consistent values.

The emcee algorithm explored the defined parameter space
using 800 walkers in a 200 steps initial phase (burn-in) and
150 steps in the final phase, starting from the last state of the
burn-in chain (for details of using the code see Foreman-Mackey
et al. 2013). Convergence of the parameters distribution was typ-
ically attained within <100 steps during the burn-in phase (an
example for Ry is shown in the electronically available Fig. 7).

The final histograms of the five free parameters and their
two-by-two correlations are shown in Fig. 8 (available electron-
ically). The best-fit values of the free parameters are the mean
of these histograms. The uncertainties on the parameters were
defined as corresponding to a range enclosing +34.15% of the
parameter distribution relative to the mean value (this corre-
sponds to the commonly used rule for normal distributions). The

reduced x? of the best-fit model is y? = 1.9 (for 1777 degrees of
freedom DOF and free free parameters).

Table 6 summarizes the best-fit parameter values and un-
certainties measured on Achernar from the MCMC fit of
CHARRON RVZ model to the VLTI/PIONIER data. Other de-
rived stellar parameters are also given in the table. The V? and
CP corresponding to this best-fit model are plotted together with
the observations in Figs. 9 and 10. The sky-projected intensity
map of the visible stellar photosphere for this model is shown in
Fig. 11.

As a completely independent check of the results above, we
have also performed a Levenberg-Marquardt fit to the PIONIER
data using a different RVZ model developed by one of us
(A. Mérand). The best-fit parameter values obtained agree well
(within the emcee error bars) with the values derived from the
emcee fit of the CHARRON RVZ model.

5. Discussion
5.1. Radius and angular diameter

Long-baseline interferometry is traditionally known to deliver
stellar angular diameters (and radii, if distances are available).
These size measurements are directly dependent on the chosen
photospheric model and on how fairly this model can represent
the stellar photosphere. As shown in Sect. 4, the stellar radius is a
function of the co-latitude for fast rotators, and the apparent stel-
lar photosphere is dependent on additional parameters such as
gravity darkening, effective temperature, rotation velocity, and
polar inclination (discussed in the following subsections).

As explained in the previous sections, the equatorial radius
Req determined here (or more generally the photospheric R(6))
is based on a physical model fitted to observations taken on a
normal B phase of Achernar. As expected, the R., measured
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Fig. 9. Top: squared visibilities V? observed on Achernar (filled circles and error bars) and computed (opened squares) from the best-fit CHARRON
model (Table 6) as a function of spatial frequency (left column) and baseline PA (right column). Bottom: V? residuals from observations relative
to the best-fit model in units of corresponding uncertainties. Vertical solid lines indicate the position angles of the visible (216.9° = —143.1°) and
hidden (16.9° = 216.9°—180°) stellar poles. The horizontal dotted lines delimit the +30 region around zero (dashed line).

in this work is smaller than the previous results derived from
VLTI/VINCI observations, obtained in an epoch with a small,
but non-negligible influence of a residual disk (Domiciano de
Souza et al. 2003; Kervella & Domiciano de Souza 2006;
Carciofi et al. 2008).

We discuss the stellar size derived from the VLTI/AMBER
observations by Domiciano de Souza et al. (2012a), we postpone
the discussion to Sect. 5.5, where we consider the whole set of
model parameters.

Considering the stellar size derived from the VLTI/AMBER
observations by Domiciano de Souza et al. (2012a) in Sect. 5.5,
where we consider the whole set of model parameters.

5.2. Photometry and effective temperature

The photometric magnitudes in the UBVJHK bands and the
bolometric flux derived from the CHARRON best-fit model
are compared with measurements reported in the literature in
Table 7. We first note form the table that these observed magni-
tudes and bolometric fluxes show uncertainties and/or a disper-
sion of measured values of about 10%—-20%, which are at least
partially caused by a combination of instrumental and intrinsic
effects from the star. Indeed, Achernar is known to present mul-
tiple flux variabilities at time scales from hours to years, which
are caused, for example, by pulsations (Goss et al. 2011), bina-
rity (Kervella & Domiciano de Souza 2007), and the B&Be cy-
cle (e.g., Vinicius et al. 2006). Thus, the observed magnitudes
and bolometric flux should not be considered as tight constraints
to the model-fitting, although they provide an important consis-
tency check on the best-fit model parameters. Indeed, the mod-
eled magnitudes and bolometric flux given in Table 7 agree with
the observations within their uncertainties and/or dispersion of
measured values.
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By using Eq. (5) we can cross-check the consistency between
the adopted mean effective temperature T, the measured bolo-
metric flux Fy,), and the mean angular diameter () reported in
Tables 6 and 7. From the Fy, provided by Code et al. (1976) and
Nazé (2009) one thus obtains Ter = 15094 K and 14703 K. We
note that the temperature of 14510 K estimated by Code et al.
(1976) is somewhat lower than the value estimated here because
they considered the higher angular diameter (1.92 mas) reported
by Hanbury Brown et al. (1974), based on intensity interferom-
etry observations at the Narrabri Observatory. As expected, this
diameter is between the major and minor diameters derived in
the present work. However, the measurements from Hanbury
Brown did not allow taking into account the angular size vari-
ation with the baseline position angle caused by the rotational
flattening of Achernar. Thus, recalling that the average effective
temperature of ~15 000 K reported by Vinicius et al. (2006) was
derived from different methods, the adopted T.¢ = 15000 K
agrees well with several independent measurements (bolometric
fluxes, photometry, spectroscopy, and interferometry).

5.3. Inclination and rotation velocity

The inclination angle i (=60.6*73) measured in this work is com-
patible (within ~1.50") with the values (i ~ 65-70°) estimated
by Vinicius et al. (2006) and Carciofi et al. (2007).

Different values have been previously reported on the pro-
jected rotation velocity Veqsini of Achernar, with mainly three
distinct range of values: Vegsini ~ 223-235km s (e.g.,
Slettebak 1982; Chauville et al. 2001; Vinicius et al. 2006),
Vegsini = 292 £ 10km s~! (Domiciano de Souza et al. 2012a),
and Vegsini ~ 410km s7! (e.g., Hutchings & Stoeckley 1977,
Jaschek & Egret 1982).
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Table 7. Observed and modeled UBVJHK photometry and bolometric flux Fy, of Achernar.

Catalogue or reference U B 1% J H K Fio (107° Wm™2)
2MASS* 0.815+0.254 0.865+0.320 0.880 +0.330
NOMAD Tych0-2[’ 0473 0.527
Johnson et al. (1966) 0.32 0.47
Code et al. (1976) 544 +43

Jaschek & Egret (1982) -0.36 0.30 0.46

Nazé (2009) 48.98

CHARRON RVZ model -0.279 0.339 0.472 0.783 0.828 0.886 53.05

Model in 2012 paper -0.387 0.215 0.333 0.596 0.631 0.684 62.90

Notes. The model values are based on the parameters given in Table 6 for the best emcee fit of CHARRON RVZ model to PIONIER data. For
comparison, we also show the values derived from the model given by Domiciano de Souza et al. (2012a), based on the AMBER differential
phases. @ Cutri et al. (2003); Skrutskie et al. (2006). ® Hog et al. (2000); Zacharias et al. (2005).
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Fig. 10. Top: closure phases (CP) observed on Achernar and computed
from the best-fit CHARRON model (Table 6) as a function of the spatial
frequency (for the longest projected baseline B;“;}‘ in the corresponding
triangle configuration). Botfom: CP residuals from observations relative
to the best-fit model in units of corresponding uncertainties. The hor-
izontal dotted lines delimit the +30 region around zero (dashed line).
Since the photosphere is only partially resolved, the CP signatures of
fast rotation are weak (within ~+1°).

In this work we determine Vg sini = 260.3*] km s7! where

these uncertainties were computed by properly adding the in-
dividual uncertainties estimated on i and V¢4 (cf. Table 6 and
Fig. 8). This estimated Vg sini lies between the lower and inter-
mediate values found in the literature, as mentioned above, and
it is compatible with them within 20 to 30, i.e., ~30—-40km s7!

Some clues for explaining the discrepancies in the measured
Veq sini may be given by the fact that different methods for esti-
mating this quantity can lead to different results depending on
their sensitivity to the nonuniform photospheric intensity dis-
tribution caused by the gravity darkening. For example, it is

Intensity | (W/m2/nm/srad)

3.75-10° 6.31-10° 8.87-10° 1.14+10* 1.40-10*

Fig. 11. Intensity map of Achernar corresponding to the best-fit of the
CHARRON RVZ model to the VLTI/PIONIER H band observations.
The spatial coordinates indicated in angular milliarcseconds (mas) units
and also normalized to the equatorial radius R.q = 9.16 R,. The com-
plete list of the measured stellar parameters is given in Table 6.

known that because of gravity darkening, the V.4 sini obtained
from visible/IR spectroscopy are generally underestimated in
fast-rotating stars (Townsend et al. 2004; Frémat et al. 2005).
Moreover, the actual Vq sini of Achernar seems to significantly
vary in time, as recently shown by Rivinius et al. (2013), who
reported Veq sini variations with amplitudes <35 km s~! that are
correlated to the B&Be phase transitions. Interestingly, this am-
plitude of Veqsini variations is on the same order of the dif-
ferences between the V4 sini values measured in this work and
those reported by several other authors, as discussed above.

Finally, Goss et al. (2011) identified a low-amplitude fre-
quency of 0.68037 + 0.00003d~! from time-series analysis of
photometric light-curves of Achernar. We note that this fre-
quency is relatively close (but still ~2.50 above) to the rota-
tion frequency vy = 0.644 + 0.015d"! derived in the present
work (uncertainty estimated by properly adding quadratically
the relative maximum individual uncertainties on Req and Veq).
Whether or not the measured frequency is related to the rotation
of Achernar remains to be further investigated.
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Fig. 12. Left: effective temperature map of Achernar corresponding to the best-fit of the CHARRON RVZ model to the VLTI/PIONIER H band
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and equatorial effective temperatures of Achernar are T, = 17 124 K (white) and Tq = 12673 K (black). Right: log T as a function of log geq of
Achernar for the ELR model (solid line from Espinosa Lara & Rieutord 2011). The calculations were performed considering a Roche model with
the same stellar parameters as in Table 6, except for the gravity darkening, which is directly obtained from the ELR model. The dashed straight
line shows the log T versus log g corresponding to the best-fit RVZ model with the measured gravity-darkening coefficient 8 (:0.166f818}(2)).
The vertical bar indicates the uncertainty in 7.y associated with the measured uncertainty in this best-fit 8 value alone. We also note that by fitting
a straight line to the ELR model (solid curve) results in an identical 8(=0.166) as measured with the CHARRON RVZ model, which exactly
matches the dashed straight line. Thus, although the ELR model predicts a slightly more complex gravity-darkening relation than the RVZ model

(Eq. (3)), these two gravity-darkening models agree within the uncertainties derived from the RVZ model fit to the PIONIER observations.

5.4. Gravity darkening

The gravity-darkening parameter 8 determined in this work is
significantly lower than the von Zeipel law (8 = 0.25), a result
in agreement with 8 values derived from recent interferometric
observations of fast-rotating stars (see for example the recent
review from van Belle 2012, and references therein).

These low B (<0.25) were explained theoretically by
Espinosa Lara & Rieutord (2011), who derived an alternative
gravity-darkening law (ELR model hereafter) by relaxing the as-
sumption of barotropicity that leads to the von Zeipel law. The
ELR model includes a divergence-free flux vector and the ratio
T:ﬁ /g 1s allowed to vary with latitude, leading to an analyti-
cal relation between T, and g.s without the need of assuming a
constant 8 parameter as in Eq. (3). Let us compare in more detail
the gravity darkening derived from the best-fit of the CHARRON
RVZ model with the prediction from the ELR model. Both mod-
els adopt the Roche approximation so that they consider an iden-
tical photospheric shape R(6). Based on the best-fit parameters
in Table 6, Fig. 12 compares the log T versus logge.s rela-
tions for the two gravity darkening models. The T map of the
RVZ model is also illustrated in Fig. 12. As shown in the figure,
the two models agree within the parameter uncertainties, but the
present observation errors do not yet allow us to probe the small
differences in T.g(0) predicted by the models.

Although the detailed T.f(8) cannot be investigated, it is
clear that the ELR model reproduces an average T.(6) de-
pendence that is totally compatible with measurements from
the RVZ model, but without the need of using a S param-
eter. Indeed, by estimating an equivalent S value (e.g., from
log (Teq/Tp)/10g (geq/gp)), Espinosa Lara & Rieutord (2011, in
their Fig. 4) showed a good agreement between their predictions
and the 8 coeflicients measured on four fast rotators as a function
of flattening € (=1 — Rp/Req)-

In Fig. 13 we extend this comparison by adding a Lyr (Vega;
Monnier et al. 2012) and Achernar (@ Eri; present work). These
two new stars provide a crucial test for the ELR model since
they have, respectively, the lowest and highest flattening in the
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sample. Figure 13 thus compares 8 and € from the ELR model
with values measured on six fast rotators (listed from hotter to
colder spectral types): @ Eri (Achernar, B3-6Vpe; this work),
a Leo (Regulus, B8IVn; Che et al. 2011), @ Lyr (Vega, AOV;
Monnier et al. 2012), @ Aql (Altair, A7IV-V; Monnier et al.
2007), a Cep (Alderamin, A7IV; Zhao et al. 2009), 8 Cas (Caph,
F21V; Che et al. 2011).

Five out of the six stars agree relatively well with the ELR
model (in particular Altair and Achernar), considering the obser-
vational uncertainties. The only exception is 8 Cas, and a more
detailed study would be required do decide if the discrepancy is
due to a bias in the measured flattening related to its low incli-
nation (as discussed by Espinosa Lara & Rieutord 2011) and/or
maybe related to the fact that this is star is the coldest one in the
sample. This agreement between observational and theoretical
results is therefore a promising perspective for a more profound
understanding of the gravity-darkening effect in rotating stars.

Based on the curve 8 versus flattening € given in Fig. 13 and
derived from the ELR model, we can deduce a linear relation
that roughly follows this curve:

B ~0.25 - 0.328. (6)

This linear approximation reproduces the curve in Fig. 13
within 1% (3%) for € < 0.27(0.30). We recall, however, that
the use of a § parameter is neither required nor compatible with
the ELR model, which does not describe the gravity darkening
by a power law as in Eq. (3).

5.5. Comparison with the VLTI/AMBER differential phases

We now compare the best-fit CHARRON model determined
from the PIONIER data (Table 6) with the AMBER differ-
ential phases, described in Sect. 2.2 and by Domiciano de
Souza et al. (2012a). The differential phases computed directly
from the PIONIER best-fit model already well reproduce the
AMBER observations, resulting in x> = 1.3 (DOF = 3808).
This yx; is only slightly higher than the 1.2 value found by
Domiciano de Souza et al. (2012a) from the same model, but
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Fig. 13. Gravity-darkening coefficient 8 estimated from the ELR model
(Espinosa Lara & Rieutord 2011) as a function of the rotation flatten-
ing € compared with values measured from interferometric observations
of six rapidly rotating stars (references in Sect. 5.4), Achernar (@ Eri)
being the flattest one. The estimate of § is obtained from a fit to the
log T versus log geg curves directly predicted by the ELR model, such
as in Fig. 12 (right). The ELR model predictions and interferometric
measurements have a good general agreement (see Sect. 5.4 for a more
detailed discussion).

with a somewhat different set of parameters. Indeed, for all
AMBER baselines and wavelengths considered, the absolute dif-
ferences between both sets of modeled differential phases are
smaller than 0.5°, which is lower than the typical uncertainties
in the differential phases for these AMBER observations (me-
dian value of 0.6°).

Conversely, the photospheric model parameters derived from
the AMBER differential phases (Domiciano de Souza et al.
2012a) are far from reproducing the PIONIER observations, re-
sulting in a 10 times higher x? (=19.2). Moreover, compared
to the best-fit model determined in this work, the model from
Domiciano de Souza et al. (2012a) presents a worse agreement
with the photometric observations as shown in Table 7 (brighter
star in particular because of the higher 8 and size). Thus, the
CHARRON RVZ photospheric model with parameters as in
Table 6 provides the best general agreement with the whole set
of polarimetric, spectroscopic, photometric, and interferometric
(PIONIER and AMBER) observations of Achernar considered
in this work.

6. Beyond the photospheric model ?

We have shown in Sect. 3 that the interferometric data analyzed
in this work are not influenced by a strong circumstellar disk or
by the known binary companion. This conclusion agrees with
the good quality of the fit obtained by adopting a single photo-
spheric fast rotator RVZ model in Sect. 4. In spite of this satisfac-
tory result, and relying on the relatively high-precision PIONIER
data, we take the analysis a step farther to search for possible
more subtle components in the close environment of Achernar
and/or indications of small deviations from the adopted fast-
rotator RVZ model. To this aim, two complementary approaches
were adopted: (1) model-fitting of the RVZ model plus an addi-
tional analytical component; and (2) image reconstruction.

6.1. Photospheric physical model plus analytical component

We used the emcee code to fit a model consisting of the photo-
spheric best-fit RVZ model determined in Sect. 4 plus an analyti-
cal 2D Gaussian ellipse. The free parameters of the 2D Gaussian
ellipse and their initial range of values (initial uniform distribu-
tion of values) are

— major axis FWHM agg: 0.5 mas to 20 mas
minor-to-major-axis ratio rgg: 0.1 to 1

position angle of the major axis PAgg: 0° to 180°

flux ratio (relative to the stellar total flux) Fgg: 0% to 10%
horizontal (equatorial direction) shift relative to the center of
the star xgg: —15 mas to 15 mas

vertical (polar direction) shift relative to the center of the star
Yyce: —15 mas to 15 mas.

This approach is similar to, but more general than, the one
adopted by Kervella & Domiciano de Souza (2006) since it al-
lows to simultaneously test different faint circumstellar struc-
tures such as a faint companion or a weak polar wind or equato-
rial disk.

As before, the emcee algorithm explored the entire parame-
ter space (within the above defined boundaries) using 800 walk-
ers in a 200 steps burn-in phase and 150 steps in the final phase.
Since the RVZ model already provides a good fit to the data,
the parameters of the additional 2D Gaussian ellipse are not ex-
pected to be strongly constrained, leading to y? = 1.79, which is
only slightly lower than the value obtained for the RVZ model
alone. Two parameters of the 2D Gaussian ellipse were never-
theless relatively well constrained: agg = 5.2 + 2.4 mas and
Fgg = 0.7% = 0.1%. The fit also shows that the position of this
possible additional component is roughly centered on the star,
with a shift uncertainty smaller than ~5 mas for both directions
(xgg and ygg). The remaining parameters are poorly constrained
by the data.

6.2. Image reconstruction

As a model-independent study of the PIONIER data we also per-
formed an image reconstruction of Achernar using the MIRA*
software (Thiébaut 2008). MIRA is based on an iterative pro-
cess, aimed at finding the image that minimizes a joint criterion
under constraints of positivity and normalization,

S = faau(x) + ,ufprior(x)7 @)

where x are the set of image pixels, fjaa(x) is the penalty func-
tion of the measurements, fui0(X) is a term that enforces addi-
tional a priori constraints, and y (>0) is the hyperparameter, i.e.,
the weight of the priors.

The hyperparameter has to be chosen as large as possible
to maximize the weight of the constraints arising from physical
modeling and to ensure the convergence of the reconstruction at
a minimal value of the penalty y. As we have satisfying a model
of the target, we used an elliptical Lorentzian a priori (fprior(X))
with (1) the same minor-axis position angle as Achernar, 216.9°
(=36.9° for a centrallysymmetrical ellipse); (2) a major-to-minor
axis ratio of 1.3 corresponding to the apparent flattening; and (3)
a FWHM = 3.2 mas in the major-axis direction, correspond-
ing to a size slightly bigger than Achernar’s angular diameter, to
avoid missing possible structures close to the photosphere.

To determine the best value of the hyperparameter, we per-
formed several (~10%) independent reconstructions with 200 it-
erations and random u values ranging from 1 to 10°. In Fig. 14

4 Multi-aperture image reconstruction algorithm.
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Fig. 14. Penalty factor y? as a function of the hyperparameter u for a
set of reconstructed MIRA images (log scales). Based on this curve, the
value /1 (=630) was chosen for the image reconstruction of Achernar.

(available electronically), we show the distribution of X2 for con-
verged reconstructions as a function of u for each reconstruc-
tion. This procedure revealed that there is a plateau of minimum
x*(=1.4), reached for values of y lower than & ~ 630.

After determining the parameters of the reconstruction, we
followed the procedure described by Millour et al. (2012) to cre-
ate the reconstructed image of Achernar as the weighted average
of several hundred converged reconstructed images,

X Xl = ®)
IV

where each image i was centered on its photocenter position X;
before summation. The weight of each reconstruction is 1/ ,\51.2,
with a limit penalty value of /\/l.2 < 5 to reject low-quality recon-
structed images.

Figure 15 shows the reconstructed image of Achernar, both
given by MIRA with a 0.07 mas resolution pixel (over-resolved
image) and convolved by a Gaussian beam of FWHM = 1.6 mas
(diffraction limit of the PIONIER observations). Although this
diffraction limit does not provide a highly resolved image of
the photosphere, it is enough to investigate the close circumstel-
lar environment. Indeed, the reconstructed MIRA image clearly
shows the presence of a compact object (stellar photosphere)
without any signature of extended circumstellar component.
This is more clearly seen in the right panel of Fig. 15, which
shows the subtraction of the MIRA and best-fit CHARRON im-
ages, convolved by the 1.6 mas Gaussian beam. The difference
between these images is at most 1.5% in modulus (relative to
the total flux of the MIRA image) and below ~0.5% almost
everywhere.

Both the results from the image reconstruction and from the
fit of the RVZ model plus an analytical 2D Gaussian ellipse
presented in this section show that no additional component is
present in the PIONIER data within ~+1% level of intensity.
This agrees well with the conclusions based on polarimetric and
spectroscopic data and modeling shown in Sect. 3.

I(x) ; ®)

7. Conclusions

Based on ESO-VLTI interferometric observations of Achernar
obtained in a normal B star phase, we derived its photospheric
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parameters by fitting our physical model CHARRON using a
MCMC method. A best-fit photospheric model was derived
from squared visibilities and phase closures recorded with the
PIONIER beam combiner in the H band. This model agrees
well with AMBER HR differential phase observations around
the Bry line.

The interferometric observations were complemented by
spectroscopic, polarimetric, and photometric data to investigate
the status of the circumstellar environment of Achernar during
the VLTI observing runs, to cross-check our model-fitting re-
sults, and to set constraints on the model parameter space (pho-
tosphere and possible residual disk). In particular, polarimetry
was crucial to constrain the disk density, imposing quite well-
defined upper limits.

We note that our photospheric model of Achernar agrees
with many observations from distinct techniques: PIONIER V2
and CP, AMBER differential phases, V- and B-band polarime-
try, Hae and Hg line profiles, and UBJHK photometry. Moreover,
our results are compatible with the theoretical model of grav-
ity darkening proposed by Espinosa Lara & Rieutord (2011,
ELR model), which we also showed to be consistent with pre-
viously published results from different fast rotators over a wide
range of rotational flattening (Achernar being the flattest one in
the sample). Observational validation of gravity-darkening mod-
els such as the ELR model is an important step in the under-
standing of rapidly rotating stars since it has the great advantage
of reducing the number of free parameters (8 coeflicient is not
needed anymore). Indeed, by relying on a few input parameters
and hypotheses, the ELR model reproduces five out of the six
measured gravity-darkening S coefficients, which is motivating
and promising for a more profound understanding of this impor-
tant effect in stellar physics.

Taking advantage of the good quality and uv coverage of
the PIONIER observations, we also pushed the analysis a lit-
tle farther and performed an interferometric image reconstruc-
tion that did not reveal any signatures of additional circumstellar
components and/or deviations from the photospheric Roche-von
Zeipel (RVZ) model within a ~+1% level of intensity. This re-
sult also agrees with a fit of an addition analytical component
to the RVZ model. Although the spatial resolution of the image
is rather low (spatial frequencies restricted to the first visibility
lobe), this is, to our knowledge, the first reconstructed image of
the photosphere of a Be star.

The results of this work thus provide the first determination
of the pure photospheric parameters of a Be star in a normal
B phase. The measured photospheric parameters are Req, Ve, I,
B, and PA,. Concerning Achernar specifically, these parameters
can be used as a reference input photospheric model for future
studies based on modeling that includes circumstellar disk and
photosphere.
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Fig. 15. Left: image reconstruction of Achernar obtained by applying the MIRA software to the H band VLTI/PIONIER observations. Middle:
convolution of this reconstructed MIRA image convolved by a Gaussian beam of FWHM = 1.6 mas (=0.614/ By,) corresponding to the diftfraction
limit of the PIONIER observations. Right: Reconstructed MIRA image minus the best-fit CHARRON image (Fig. 11 convolved by the Gaussian
diffraction limit beam to mach the resolution of reconstructed image). The difference between the images is very small, <1.5% in modulus, relative
to the total MIRA image flux), indicating that essentially only the photosphere of Achernar contributes to the PIONIER data, without any additional
circumstellar component. The dotted ellipse approximately represents the border of the apparent photosphere of Achernar given by the best-fit

CHARRON RVZ model.
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