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ABSTRACT

Context. Achernar, the closest and brightest classical Be star, presents rotational flattening, gravity darkening, occasional emission
lines due to a gaseous disk, and an extended polar wind. It is also a member of a close binary system with an early A-type dwarf
companion.

Aims. We aim to determine the orbital parameters of the Achernar system and to estimate the physical properties of the components.
Methods. We monitored the relative position of Achernar B using a broad range of high angular resolution instruments of the
VLT/VLTI (VISIR, NACO, SPHERE, AMBER, PIONIER, GRAVITY, and MATISSE) over a period of 13 years (2006—-2019). These
astrometric observations are complemented with a series of ~750 optical spectra for the period from 2003 to 2016.

Results. We determine that Achernar B orbits the primary Be star on a seven-year period, eccentric orbit (e = 0.7258 +0.0015) which
brings the two stars within 2 au at periastron. The mass of the Be star is found to be my = 6.0 £ 0.6 M, for a secondary mass of
mp = 2.0 £ 0.1 M, (the latter was estimated from modeling). We find a good agreement of the parameters of Achernar A with the
evolutionary model of a critically rotating star of 6.4 M, at an age of 63 Ma. The equatorial plane of the Be star and the orbital plane
of the companion exhibit a relative inclination of 30°. We also identify a resolved comoving low-mass star, which leads us to propose
that Achernar is a member of the Tucana-Horologium moving group.

Conclusions. The proximity of Achernar makes this star a precious benchmark for stellar evolution models of fast rotators and in-
termediate mass binaries. Achernar A is presently in a short-lived phase of its evolution following the turn-off, during which its
geometrical flattening ratio is the most extreme. Considering the orbital parameters, no significant interaction occurred between the
two components, demonstrating that Be stars may form through a direct, single-star evolution path without mass transfer. Since com-
ponent A will enter the instability strip in a few hundred thousand years, Achernar appears to be a promising progenitor of the Cepheid
binary systems.

Key words. stars: individual: Achernar — techniques: high angular resolution — techniques: interferometric —
techniques: radial velocities — binaries: visual

1. Introduction

Classical Be stars are fast-rotating intermediate-mass stars
that are occasionally surrounded by an equatorial gaseous
disk (Porter & Rivinius 2003; Rivinius et al. 2013a; Neiner et al.

* The series of high resolution spectra of Achernar (with the con-
tinuum normalized to unity) are available in FITS format at http:
//dx.doi.org/10.5281/zenodo.6977303 and also at the CDS
via anonymous ftp to cdsarc.cds.unistra.fr (130.79.128.5)
or via https://cdsarc.cds.unistra.fr/viz-bin/cat/J/A+A/
667/A111

2011). The formation mechanism of these very fast-rotating stars
is however largely uncertain. As most massive stars, Be stars
are commonly found in binary or multiple systems, and two
main formation scenarios are considered. Scenario (1) is based
on single-star evolution from an initially fast rotating main
sequence hot dwarf. This case also includes the binary stars with
companions orbiting with periods larger than a few years, as the
wide physical separation from the Be star prevents mass transfer
during their evolution. Scenario (2) explains the spin-up of the
Be star progenitor through mass transfer from a close-in com-
panion. In this configuration, the orbital period of the companion
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is typically a few months. The stripping of the outer layers of
the companion leads to its transformation into a hot O subdwarf
(sdO). Due to the accretion process, the Be star gains a consid-
erable rotational angular momentum.

A first question to examine is how often Be stars are mem-
bers of binary systems, and when they are, which fraction of
them have wide (noninteracting) and close-in (mass transfer)
companions. A survey of 31 classical Be stars conducted by
Hutter et al. (2021) using the NPOI interferometer found a
multiplicity frequency of 45%, including both very wide and
close-in systems. Oudmaijer & Parr (2010) determined from an
adaptive optics survey with the VLT/NACO instrument that
approximately one-third of the Be stars in the Milky Way
have wide, noninteracting companions. Klement et al. (2019)
observed a sample of 57 classical Be stars in the radio domain to
search for the turndown in spectral energy distribution caused by
the truncation of their circumstellar disk by a close-in compan-
ion on a short-period orbit. These authors detect the signature of
companions in all the 26 stars with sufficient data coverage, and
conclude that many if not all Be stars host close-in companions
that influence the outer regions of their circumstellar disk. Such
tight companions may spin up the Be stars through scenario (2),
which could therefore be the dominant mechanism for the for-
mation of Be stars. In support of this hypothesis, Mourard et al.
(2015) determined the orbital elements and masses of the sdO
star orbiting the classical Be star ¢ Per on a 4-month period orbit.
In this system, the gas disk surrounding the Be star is coplanar
with the companion’s orbit and the Be star is rotating very close
to its critical velocity. The authors conclude that the transfer of
material from the companion to the Be star in the past is at the
origin of its very high present rotation velocity. For three simi-
lar Be+sdB/sdO subdwarf systems, Klement et al. (2022) deter-
mined the orbital parameters using optical interferometry. With
orbital periods between 60 and 250 days, mass transfer occurred
from the subdwarf progenitors to the Be star component, result-
ing in the acceleration of its rotation velocity as predicted by
scenario (2).

At a distance of 42.8 + 1.0pc (w = 23.39 + 0.57 mas;
van Leeuwen 2007a), Achernar (a Eri, HD 10144, HIP 7588)
is the nearest Be star. Andrews & Breger (1966) discovered
the Be nature of Achernar through the detection of Hydro-
gen lines in emission. The shape of the photosphere of
Achernar A was first measured using optical interferometry by
Domiciano de Souza et al. (2003), revealing its extreme rota-
tional distorsion (see also van Belle 2012 for a review of early
interferometric observations of rapidly rotating stars). The ini-
tially reported flattening ratio larger than 3/2 triggered theo-
retical modeling efforts (e.g., Zahn et al. 2010; Carciofi et al.
2008; Jackson et al. 2004). Domiciano de Souza et al. (2012)
used spectro-interferometry with the VLTI/AMBER instrument
to spatially resolve the Doppler effect on the photosphere
of Achernar (see also Meilland et al. 2012) and to determine
its de-projected equatorial rotation velocity (veq = 298 +
9km s~!). The photosphere was subsequently studied in detail by
Domiciano de Souza et al. (2014) using VLTI/PIONIER inter-
ferometric data, refining its physical parameters, including its
equatorial radius (Req = 9.16 = 0.23Ry), inclination (i =

60.6*73 deg), orientation on the sky of the visible pole (PA;y =

216.9 + 0.4deg), equatorial velocity (veq = 298.8*¢2kms™")

and Von Zeipel gravity-darkening coefficient 8 = 0. .166:’818{(2).
In its close circumstellar environment, Achernar exhibits a polar
wind which was resolved by interferometry both at near-infrared

(Kervella & Domiciano de Souza 2006) and thermal infrared
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(Kervella et al. 2009) wavelengths. Using thermal infrared imag-
ing with VLT/VISIR, Kervella & Domiciano de Souza (2007)
discovered a companion star of Achernar A, that Kervella et al.
(2008) characterized to be an early A-type main sequence star
with an orbital period of several years. This configuration is par-
ticularly interesting as such a long period orbit points at the pos-
sibility of scenario (1) for the spin up of Achernar A, without
invoking mass-transfer from a donor star. The main objectives of
our long-term program reported in the present article are to char-
acterize the orbital and physical parameters of the Achernar AB
system, including the masses of the two stars and their evolution-
ary state. Based on these results, we aim at testing the viability
of scenario (1) for the formation of Achernar A as a Be star.
In addition, during this long-term monitoring, Achernar A went
through several Be emission-line phases, which we aim at corre-
lating with the periastron passage of its companion star.

The collected observations are described in Sect. 2, and we
present their analysis in Sect. 3. We examine the implications
of the determined properties of the Achernar system in Sect. 4,
in particular on its evolutionary status and its membership in
the Tuc-Hor association, and we summarize our conclusions in
Sect. 5.

2. Observations

We report in this paragraph the observations of Achernar col-
lected using the VLT/VISIR (Sect. 2.1), NACO and SPHERE
imaging instruments (Sect. 2.2), as well as the interferomet-
ric data collected with VLT/NACO-SAM (Sect. 2.3) and the
VLTI instruments AMBER (Sect. 2.4), PIONIER (Sect. 2.5),
GRAVITY (Sect. 2.6) and MATISSE (Sect. 2.7). The radial
velocity measurements obtained by spectroscopy are described
in Sect. 2.8. The complete list of relative position and photomet-
ric flux measurements of Achernar B with respect to Achernar A
are listed in Table A.1, and the radial velocity measurements of
Achernar A in Table C.2.

2.1. VISIR imaging

In the thermal infrared domain, we adopted the VISIR astro-
metric and photometric measurements of Achernar obtained by
Kervella et al. (2008, see also Kervella & Domiciano de Souza
2007) at wavelengths of 8.59 and 11.25 um. We added quadrat-
ically a 15 mas uncertainty to the statistical measurement error
bars on the differential position of B with respect to A in each
right ascension and declination axes. This corresponds to one-
fifth of the pixel scale of the VISIR images (75 mas pix~!). This
additional uncertainty is intended to take into account the per-
turbations of the PSF fitting that are introduced by the resid-
ual speckles. We considered for the photometric flux ratio fg/fa
the ratio of the peak intensities of the two stars in the VISIR
images as listed by Kervella et al. (2008). We included an addi-
tional uncertainty of 0.4% to conservatively take the difference
between the peak intensity and aperture photometry photometric
ratios into account.

2.2. NACO and SPHERE adaptive optics imaging

We observed Achernar using the VLT/NACO near-infrared
adaptive optics system (Lenzen et al. 1998, 2003; Rousset et al.
2003) in its regular imaging mode in 2007 and using the
short-exposure cube mode between 2009 and 2012. The cube
mode presents the advantage of producing a higher Strehl
ratio in the images as well as a better sampling of the point
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Fig. 1. Sample NACO 1.28 um (top row) and SPHERE/ZIMPOL V band (bottom row) images of Achernar A and B. The panels show both stars
with A centered in the field of view and a logarithmic intensity scale. The right images show the result of the subtraction of the radial median profile
of the left image. The NACO image has been resampled by a factor four, resulting in the same pixel scale as the ZIMPOL image (3.315 mas pix™").
The position of A is marked with a black “+” symbol in the left images and the position of B is shown with a white circle.

spread function (PSF) through a shift-and-add approach after
resampling. The images were recorded using the S13 camera,
whose plate scale is 13.26 + 0.06 maspix~' (Neuhiuser et al.
2008). We obtained images using 10 narrow-band filters'
(NB_1.04, NB_1.08, NB_1.09, NB_1.24, NB_1.26, NB_1.
28,NB_1.64,NB_1.75,NB_2.12, NB_2.17) with central
wavelengths ranging from 1.040 to 2.166 pm.

We also collected SPHERE/ZIMPOL (Beuzit et al. 2019)
polarimetric images of Achernar at visible wavelengths
in October—November 2015 (Prog. ID: 096.D-0353(A), PI:
Kervella), close to the periastron passage which occurred on 25
October 2015 (epoch 2015.81). We used four different medium-
and narrow-band filters? (V, Cnt_Ha, B_Ha, N_I) with cen-
tral wavelengths between 0.554 and 0.8168 um.We employed
the field-stabilized derotator P2 mode and we measured the Q
and U Stokes parameters. To avoid the saturation of the detec-
tor, we inserted a ND2.0 neutral density filter with an exposure

! https://www.eso.org/sci/facilities/paranal/
decommissioned/naco/inst/filters.html

2 https://www.eso.org/sci/facilities/paranal/
instruments/sphere/inst/filters.html

time per frame of 1.2 s. The pixel scale of the pipeline processed
images from ZIMPOL is 3.315 mas pix~!. The separation of the
two stars at the time of our SPHERE observations was smaller
than 50 mas. We therefore did not use the classical Lyot coron-
agraph of ZIMPOL whose minimum mask diameter is too large
for this small separation. We limited our present analysis of the
SPHERE data to the total intensity images, and we postpone the
interpretation of the polarimetric quantities to a future work.

To analyse both the NACO and SPHERE images, we first
precisely centered Achernar A on a fixed reference pixel, and
measured its flux using aperture photometry (over a radius cor-
responding to the core of the Airy pattern). To mitigate the
strong Airy ring pattern and scattered light wings of the image of
Achernar A at the location of B, we subtracted a radial median
profile from the image. Thanks to its faintness, Achernar B
does not affect this radial profile. We then measured the posi-
tion of Achernar B using a Gaussian fit over a small window
(the size of the core of the PSF) and aperture photometry using
the same aperture size as A (Fig. 1). Component B is gener-
ally well detectable in the images, but its position and pho-
tometry is affected by residual speckles which create a variable
background. The uncertainty on the photometric measurement
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was determined from the dispersion of aperture photometry at
36 positions spread over a ring at the same angular separation
from the primary as Achernar B. For the differential astrome-
try we added quadratically the same uncertainty of 1/5th of the
pixel scale as for the VISIR data set (Sect. 2.1) to the statistical
measurement error bars. This reflects the inhomogeneity of the
images, while simultaneously accounting for the range of angu-
lar resolutions of the different observing wavelengths as the pixel
scale is different for NACO and ZIMPOL.

We rejected the NACO and SPHERE astrometric measure-
ments of Achernar B for which the detection is too uncertain,
that is, with a photometric S /N < 2 on the flux of B. In five addi-
tional cases, a visual inspection of the adaptive optics images
showed that the position of Achernar B was strongly biased by
the presence of large speckles, and we also excluded these mea-
surements. The data points which we excluded from the orbital
and spectral energy distribution fits are marked with a “e” sym-
bol in the “Flag” column of Table A.1.

2.3. NACO aperture masking

Aperture masking is an interferometric technique that enables
to reach a higher angular resolution than the diffraction limit
of a filled-pupil telescope through the insertion of a nonredun-
dant mask in the optical beam. The sparse aperture masking
(SAM) mode of NACO (Tuthill etal. 2010) implements this
technique in combination with adaptive optics, effectively cre-
ating a Fizeau interferometer (Tuthill et al. 2000). We collected
observations of Achernar on 7 January 2009 using the 18-hole
mask together with three intermediate- and narrow-band filters
in the near-infrared domain (NB_1.64, IB_2.12, IB_2.18).
The star 6 Phe (HIP 7083) was observed to calibrate the visibil-
ities obtained on Achernar. The data reduction to convert the
images to visibilities was done as described by Lacour et al.
(2011) and Gauchet et al. (2016). The differential astrometry
and flux ratio of Achernar B were computed using the LIT-
Pro? software (Tallon-Bosc et al. 2008) from the JMMC, adopt-
ing a simple model of two point sources (the angular diameter of
Achernar A is unresolved by a single 8-m telescope). The result-
ing positions are listed in Table A.1.

2.4. AMBER interferometry

We observed Achernar with the AMBER interferometer
(Petrov et al. 2007) at the Very Large Telescope Interferome-
ter (VLTT; Haguenauer et al. 2010) on four nights in 2008 (3,
7, 9 and 13 November 2008), close to the periastron passage
which occurred on 10 October 2008 (epoch 2008.78). The log
of the AMBER observations is given in Table 1. Each night,
data were recorded with a different baseline configuration of the
VLTI array, using three 1.8-m Auxiliary telescopes (AT). Inter-
ference fringes were obtained in the LR-HK mode (low spectral
resolution LR: 2/61 ~ 30). The observations of Achernar were
interspersed with those of a calibration star (6 Phe). The data
reduction was performed with amdlib version 3.0.9 (Chelli et al.
2009; Tatulli et al. 2007). To improve the quality of the final
reduced data the best observed frames were selected according
to the following criteria: fringe and flux /N > 1 and absolute
optical path difference OPD < 20 um. After the data reduction
one obtains several calibrated observables for each individual
data recording (data from a few files with fringes forming an
observing block, recorded over a few minutes) and each baseline

3 http://www.jmmc.fr/litpro/
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Table 1. AMBER, PIONIER, GRAVITY and MATISSE interferometric
observations of Achernar. N, is the number of spectral channels.

Date Nos  Band N, VLTI
configuration
AMBER
2008-11-03 16 H+K 38 DO0-G1-HO
2008-11-07 32 H+K 38 A0-DO-HO
2008-11-09 22 H+K 38 EO0-GO-HO
2008-11-13 30 H+K 38 A0-G1-KO
PIONIER
2016-10-12 4 H 6 A0-B2-C1-D0O
2016-10-13 4 H 6 A0-B2-C1-D0
2016-11-11 2 H 6 A0-B2-C1-D0O
2016-11-12 2 H 6 A0-B2-C1-D0O
GRAVITY
2016-11-15 6 K 1742  A0-B2-C1-DO
2016-11-21 6 K 1742  A0-B2-C1-DO
2016-11-22 3 K 1742  A0-B2-C1-DO
2018-12-25 2 K 1742  A0-B2-C1-DO
MATISSE
2019-09-20 L 118  A0-B2-C1-DO
2019-09-21 L 118 AO0-B2-C1-DO
2019-09-25 L 118  AO0-B2-C1-DO

and instrumental configuration: three visibilities V2, three (spec-
trally) differential visibilities Vg¢ and phases ¢qi, one closure
phases CP, and one flux, all simultaneously in the H and K
bands. Since the S/N of AMBER LR data is very degraded
in the borders of the spectral bands, we only analyzed data
within the spectral ranges 1.51 < A4 < 1.84um (H band) and
2.00 € A £2.43um (K band).

For the present study of the binary system, we use the inter-
ferometric data to measure the separation and flux ratio between
Achernar A and B. The physical parameters of the primary (the
Be star), which is partially resolved by the interferometer on
the longest baselines, can be found in Domiciano de Souza et al.
(2014). From the low IR flux ratio (secondary to primary flux
~2%) previously measured for this system (Kervella et al. 2008),
the interferometric observables are expected to show essentially
the primary signal, modulated by the presence of the weak com-
panion, with the amplitude of the modulation depending basi-
cally on its flux and the spatial frequency of the modulation
depending basically on the apparent separation. Thus, in order
to maximize the S/N when measuring the binary separation and
flux ratio from AMBER data, we have chosen to analyze the
differential visibilities Vyg*, which are less subject to atmo-
spheric and instrumental errors than the absolute V2. Moreover,
we also use the closure phases CP, which gather all the use-
ful information from the differential phases ¢g;r in LR, with an
additional cancellation effect of atmospheric and instrumental
perturbations to the interference phases.

The model employed to measure the separation and flux ratio
of Achernar AB from the AMBER LR-HK Vyi¢ and CP is com-
posed of two parts. Firstly, the bright primary is represented by
the same fast-rotator numerical model and corresponding phys-
ical parameters presented by Domiciano de Souza et al. (2014).
Next, we add to this model a faint companion represented by
a small unresolved uniform disk (angular diameter of 0.5 mas)

4 Visibility as a function of the wavelength, normalized by the average
visibility in the spectral band considered.
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with a flux fg/fs in H and K bands (relative to the primary), and
located at an angular separation (Aa, Ad) with respect to A.
This model was then fit to AMBER data with the emcee
Python package (Foreman-Mackey et al. 2013). The parameters
of the fast rotating Be star being fixed to the previously deter-
mined values, the remaining free parameters to be fit are directly
related to the binary: the flux ratio fz/fs in the H and K bands,
the angular separation (Aa,Ad) at the start of the observing
series (MJD = 54 774.1213), and the temporal rate of evolution
of this separation (Au,, Aus). We adopted a progressive fitting
approach, starting with the higher S/N K-band data and ending
with the full AMBER LR-HK data set. The best-fit model has a
satisfactory reduced )(2 = 0.51, indicative of a moderate overes-
timation of the original data error bars. From the fit parameters
we computed four astrometric positions of the companion corre-
sponding to the four AMBER observing nights. The individual
relative positions of B with respect to A at these four epochs, are
listed in Table A.1. Single values of the H and K relative fluxes
of Achernar B were fit to the AMBER data, as we assumed the
flux ratio to be constant over the 10 day period covering the four
pointings. These two flux ratios are also listed in Table A.1.

2.5. PIONIER interferometry

We observed Achernar with the PIONIER instrument
(Bergeretal. 2010; Le Bouquinetal. 2011) at the Very
Large Telescope Interferometer (VLTI, Mérand et al. 2014;
Woillez et al. 2018; Haubois et al. 2020) on four different
nights in 2016, so as to resolve its companion. PIONIER
recombines the light beams coming from the four Auxiliary
Telescopes (ATs) of the VLTI and provides the corresponding
interferometric observables, that is, six simultaneous squared
visibility measurements and four closure phases in the H-band
(~1.65nm). We provide the log of our observations in Table 1.
The VLTI was set in the compact telescope configuration, that
is, with baselines from 11 to 34 m. This allowed us to obtain a
large interferometric field of view (up to ~180—220 mas) at the
expense of angular resolution, as our focus was on detecting
the binary companion and not resolving the disk of Achernar
A. Six spectral channels were used to increase the coverage of
the (u,v) plane. The interferometric data were automatically
reduced using the standard pndrs procedure for PIONIER
(Le Bouquin et al. 2011).

We used the Python-based companion analysis tool (CANDID,
Gallenne et al. 2015) to systematically search for the binary
companion to Achernar A in PIONIER interferometric data.
Briefly, CANDID uses a 2D grid of fit (corresponding to the posi-
tion of the putative companion) as a starting point for a multipa-
rameter fit based on a least-squares algorithm. At each point of
the grid, the following parameters are adjusted: the companion
position (Aa, Ad), the angular diameter of the primary (6yp), and
the flux ratio f of the companion (which we assume to be point-
like). Both interferometric observables (square visibilities and
closure phases) are explored simultaneously. The deduced map
of local minima is converted into a companion detection level
map (expressed in a number of sigmas, see Fig. 2). As a remark,
on the short baselines that were used for these observations, the
apparent disk of Achernar A (Domiciano de Souza et al. 2014;
Dalla Vedova et al. 2017) is unresolved by the interferometer.
The elliptical shape and inhomogeneous gravity darkening of
Achernar A thus have no influence of the relative astrometry of
the secondary.

As the 1-day position shift of the companion to Achernar
A is small at the epoch of observation (about 1 year after perias-

no of detection
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Fig. 2. Detection of Achernar B from PIONIER observations with
CANDID. Left and right panels: y* maps of local minima and detection
level maps, respectively, derived with CANDID from our PIONIER 2016
observations. Top panels: correspond to the October 2016 epoch and the
bottom panels to the November 2016 epoch.

tron), we combined our two pairs of consecutive-night PIONIER
observations into two separate epochs (October and November
2016) to increase the companion signal-to-noise ratio within
CANDID. We clearly detected Achernar B at our two PIONIER
observation epochs with a detection level S/N > 3 (Fig. 2).
A secondary minimum of the y? is visible at the November
2016 epoch, in the northeast quadrant (top-left). Its significance
is however lower than the peak corresponding to the position
of Achernar B, and it is absent from the October 2016 epoch.
Its elongated shape and lack of a peaked maximum points at a
speckle of noise. The astrometric positions of the companion are
detailed in Table A.1. The motion of Achernar B between Octo-
ber and November 2016 is noticeable (~14 mas). We note that
we also detect Achernar B at both observing epochs when using
only the interferometric closure phases within CANDID (though
with a reduced S/N), which attests to the robustness of the detec-
tions.

2.6. GRAVITY interferometry

A series of observations of Achernar were collected with
the GRAVITY instrument (GRAVITY Collaboration 2017) in
November 2016 (one year after periastron) and December 2018,
using the VLTT 1.8 m Auxiliary Telescopes on the A0-B2-C1-D0
configuration. As for the PIONIER observations, this compact
quadruplet provides baselines up to a ground length of 34 m. The
list of the observations selected for the present study is presented
in Table 1. GRAVITY was configured in high spectral resolution
mode, with 1742 spectral channels over the K band for a spectral
resolution of R = 4000 (A4 = 0.264 nm). The raw data were pro-
cessed using the standard GRAVITY pipeline (Lapeyrere et al.
2014). The observations were collected in the split polarization
mode, and both polarizations were analyzed jointly to determine
the position and relative flux of Achernar B using the PMOIRED’
library (Mérand 2022a,b) and a grid fit.

> https://github.com/amerand/PMOIRED
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Fig. 3. Map of the y? minimization fit to the GRAVITY observations
of 21-22 November 2016 using the PMOIRED algorithm. The explored
angular separation (6RA, dDec) represents the position of Achernar B
relative to A. The starting positions of the y> minimum searches are
marked with gray “+” symbols. The best-fit position is marked with a
circle close to the center of the diagram.

The y? minimization grid search map explored by PMOIRED
is shown in Fig. 3 for the combination of the nights of 21-22
November 2016. A comparison of the global best-fit model com-
pared to one of the GRAVITY observations is presented in Fig. 4.
Similar figures for the other GRAVITY observing epochs are
presented in Appendix B. The left panel of Fig. 4 shows the cov-
erage of the (&, v) plane, and the central column shows the four
measured closure phases (black curves) as a function of wave-
length together with the best-fit model (red curves). The right
column shows the visibility modulus |V| measured on the six
baselines (black curves), also with the best fit model (in red).
The sinusoidal oscillations which are clearly visible in the T3¢
and |V| signals are the signature of the presence of Achernar B.
The best-fit binary star model has a reduced y? ~ 11. The result-
ing uncertainties on the parameters (position, flux ratio) have
been renormalized to take into account the relatively impor-
tant residual dispersion of the data with respect to the binary
model (visible in Fig. 4). The resulting relative position and
flux of Achernar B with respect to Achernar A are presented in
Table A.1. Achernar B was not detected in the GRAVITY data
collected on 15 November 2016 and 25 December 2018.

2.7. MATISSE interferometry

MATISSE is a spectro-interferometric imaging instrument com-
bining the light from four telescope of the VLT Interferometer in
the infrared L, M and N bands (Lopez et al. 2022). Achernar was
observed with MATISSE on 20, 21 and 25 September 2019, dur-
ing the commissioning of the GRA4MAT fringe tracker, in the
L band (2.8—4.2 um) using the medium spectral resolution set-
ting (R =~ 500). A description of the observations is presented
in Sect. 5.6.1 of Lopez et al. (2022). The separation between
Achernar A and B was found to be p = 293 mas at a position
angle PA = 309°. The flux ratio between B and A is poorly
constrained, and we therefore do not include it in the fit of the
spectral energy distribution of Achernar B (Sect. 3.1).

2.8. Radial velocity of Achernar A

Detecting Achernar B and monitoring its orbit in spectroscopic
data and radial velocities (RV) is a daunting task. First, Achernar
A being fast-rotating Be star, its spectrum exhibits only very
few, extremely rotationally broadened absorption lines that are
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very shallow (v sini =~ 260 km s~': Domiciano de Souza et al.

2014). Second, the contrast of Achernar B relative to its primary
(~50) complicates its disentanglement from the primary features
in spectra. Additionally, due to its probable early A spectral type
(Kervella et al. 2008), Achernar B is also likely to be a fast rotat-
ing star itself (Royer et al. 2007), with correspondingly shallow
spectral features. Third, the primary RV curve that is expected
from the approximate mass ratio of B with respect to A is of
relatively low amplitude (<10kms™!), and is flat over most of
its 7-year period due to the eccentricity of the orbit. Nonethe-
less, long-term RV data of Achernar A have the potential to
detect or at least constrain the relatively short radial velocity
peak expected at the time of passage at periastron of the compan-
ion (which happened in late 2008 and late 2015). It is also impor-
tant to determine the barycentric radial velocity of the system,
that is required to assess its space motion (see Sect. 4.5). To this
end, we gathered all the Achernar mid- to high-resolution (from
R =~ 10000 to R ~ 130000) optical (390 to 880nm) spectra
available to our knowledge from various echelle spectrographs,
and complemented them with new observations collected with
the CHIRON instrument during periastron crossing in late 2015.
We thus assembled a data set of ~750 spectra covering a time
span of 4460 days (~12 years), that is, more than one and a half
time the orbital period of Achernar B. Our data set is detailed in
Table C.1.

2.8.1. Archival data and new observations

We first used the public archive of the European Southern Obser-
vatory (ESO)® to retrieve ~240 spectra mainly acquired with
FEROS in 2006 and in 2013-2014, as well as with HARPS
and UVES between 2002 and 2004. Then, we looked into
the Be Stars Observation Survey (BeSOS, Arcos etal. 2017)
public catalogue’ to gather more than 450 Achernar spec-
tra acquired with the PUCHEROS echelle spectrograph (R =
18000; Table C.1) between 2012 and 2014. Finally, we also
retrieved one CORALIE archive spectrum of Achernar from
2015, and one echelle spectrum acquired in 2011 from the BeSS
database®. All the archive spectra were retrieved in the ESO s1d
standard or equivalent, i.e. processed by the spectrographs’ data
reduction systems (DRS) and in a 1d format flux versus cali-
brated wavelength with all echelle orders already reconnected.

We carried out a dedicated spectroscopic observing cam-
paign from August 2015 to January 2016 with the high-
resolution CHIRON spectrograph (Tokovinin et al. 2013) to
monitor intensely the expected passage at periastron of
Achernar B (Table C.1). We obtained more than seventy
CHIRON spectra over 22 epochs, in the narrow-slit mode
allowing for the highest spectral resolution (R =~ 130000;
Jones et al. 2017). We used the CHIRON pipeline to obtain
the spectra in an order-by-order, wavelength-calibrated, 1d for-
mat (not de-blazed). Finally, we acquired a few additional
spectra between 2009 and 2013 with the BESO spectrograph
(Steiner et al. 2006) at Cerro Armazones (Table C.1).

We additionally retrieved thirty narrow-band, medium-
resolution (6000 < R < 15000) Ha spectra of Achernar from
the BeSS database, to better track the absorption and emis-
sion phases in the He Balmer line and their potential link to
the passage at periastron of Achernar B (Dalla Vedova et al.
2017). These spectra were acquired between 2010 and 2020

6 http://archive.eso.org/wdb/wdb/adp/phase3_main/form
7 http://besos.ifa.uv.cl
8 http://basebe.obspm. fr


http://archive.eso.org/wdb/wdb/adp/phase3_main/form
http://besos.ifa.uv.cl
http://basebe.obspm.fr

P. Kervella et al.: The binary system of the Be star Achernar

T3PHI (deg)

VI

J3G2K0

ul[«E]LVv[TNI(m)

100

D0G2
0.975 o

0.950 o

0.925 o

T3K0
0.95

0.90 -WM'WMWM

0.975 17357

0.950
0.925

0.900

0.95 - G2K0

7 ANWW
0.85 1

‘ bocz % 1362 300 -4 9
k0 A G0 P DOKO 4 1735063
75 4 24
4 0
50 °
* -2 4
25 ¢
> A 4]
01 | DoG2Ko
A > 4
-25 ¢ 21
*
04
-50 L
24
-75 4 _a 4
4 TJ3D0K0
-100

=25 =50 =75 =100

0.90 -W\I\F’m
0.85 -

DOKO

0.90

e -WM
0.80 4

T T T
2.05 2.10 2.15

wavelength (um)

T T T T T T T T T T T
2.20 2.25 2.30 2.35 2.05 2.10 2.15 2.20 2.25 2.30 2.35

wavelength (um)

Fig. 4. Detection of Achernar B from the GRAVITY observation of 22 November 2016 at UT 02:58:15 with PMOIRED. T3¢ is the closure phase
for each of the four telescope triplets, and |V| the amplitude of the fringe visibility for each of the six baselines. For comparison, the data are shown
as black curves, and the best-fit binary star model for all observing epochs as red curves. This diagram represents one of the GRAVITY data set
used for the global fit, and the individual diagrams corresponding to the other data sets are presented in Fig. B.1.

(observers: Romeo, Heathcote, Locke, Powles, Luckas, Bohlsen,
and Jeffredo).

As a remark, an extensive series of high-resolution and high
S/N spectra of Achernar has been collected from 1992 to the
early 2000s at the Brazilian National Astrophysical Observatory
(Leister et al. 2000). We did not include them in the present anal-
ysis as they cover a Be phase of Achernar, and the presence of
strong and variable hydrogen and helium emission lines makes
the determination of radial velocities too uncertain.

2.8.2. Spectrum processing

We corrected the spectra for cosmic ray impacts and for the
barycentric Earth radial velocity (BERV), if necessary. Apart
from the PUCHEROS spectra which were already given in a
normalized flux format, we normalized the 1d spectra by interpo-
lating a continuum function or envelope over the spectral wave-
length range. Our spectrum normalization process is described
in details in Borgniet et al. (2019). In the case of CHIRON data,
we first normalized each spectral order separately by approxi-
mating the blaze function either with a fourth-degree polyno-
mial model or by using the iodine calibration per order. We then
reconnected all the normalized spectral orders together. Finally,
we selected the Achernar spectra to use in our further analysis
based on a minimum spectral S/N threshold of 60 at 550 nm. We
thus rejected almost one hundred low S/N spectra.

2.8.3. Radial velocity from cross correlation

The methodology that we employed to determine the radial
velocity of Achernar A from our sample of spectra is pre-
sented in details in Appendix C. We adopted a classical cross-

correlation approach, focusing on the two reddest He I lines
common to our complete spectral data set (1 = 5875.66 and
6678.15A). Due to the extreme rotational broadening of the
spectral lines of Achernar A and the high contrast with the
secondary, obtaining radial velocities (RV) from spectroscopy
proved to be a difficult task. While we secured a long series of
observations of Achernar, the scatter of the resulting RV mea-
surements is too large to constrain its orbital velocity. In addi-
tion, we did not detect the spectrum of Achernar B, due to the
high contrast with A and also because it is probably itself a
rapid rotator. As a consequence, RVs are insufficiently accurate
to directly constrain the mass ratio of the two stars from its astro-
metric orbit.

Short-period variations of the radial velocity of Achernar A
and other Be stars have been reported, for example, by
Rivinius et al. (2003), Vinicius et al. (2006), and Goss et al.
(2011). From a radial velocity analysis using the broadening
function technique (see Pilecki et al. 2017 for details), we con-
firm a periodic variability of the radial velocity from our sam-
ple of spectra, with a period of 1.29day (0.78 cycle/day) and a
peak-to-peak amplitude of ~30kms~! (Fig. 5). This variability
is driven primarily by changes in the asymmetry of the spec-
tral lines, and exhibits a high phase stability over many years,
as already noticed by Gossetal. (2011). It brings a signifi-
cant contribution to the scatter of the determined radial veloc-
ities with respect to the expected orbital velocity modulation of
Achernar A, whose amplitude is on the order of 10km s~!. For
the determination of the barycentric radial velocity of the sys-
tem (Sect. 3.2), we therefore subtracted the 1.29 day periodic
variation. Other frequencies are present in the radial velocity
signal, as shown in the Lomb-Scargle periodogram presented in
Fig. 6.

Al11, page 7 of 27



A&A 667, Al11 (2022)

20 4 ] )

s ] s [ ]
107 1) .::. .‘.I 3 .::. .‘..

RV (km/s)
o
[ ]
"
[ ]
C_J
..
<
s
]
..
’O.

-10pgde

—-20 1® L]

0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00
phase (P=1.290)

Fig. 5. Short-period radial velocity variations observed on Achernar,
phased with a period of 1.29 day (frequency of 0.775 day™").
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Fig. 6. Lomb-Scargle periodogram of the radial velocity time series of
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3. Analysis
3.1. Mass of Achernar B

In absence of accurate radial velocities of both stars A and B,
the fit of the astrometric orbit provides only a total mass of the
system (from Kepler’s third law). To recover the mass of the Be
component from this total mass, we need to estimate the mass
of Achernar B and subtract its contribution from the total mass
of the system. In this section, we estimate the luminosity and
effective temperature of Achernar B based on its multiband pho-
tometry, with the goal to determine its mass from models.

We first collected from the literature the available photomet-
ric data for Achernar AB (Table 2). Due to the very tight angu-
lar separation of the two stars, the photometric measurements
include the flux contributions from both components A and B.
The ~2% flux contribution of the secondary is neglected for
the adjustment of the spectral energy distribution of Achernar
A (fa = fap). Relying on these measurements and the mean
angular diameter of the star (including limb and gravity dark-
ening) determined by Domiciano de Souza et al. (2014) from

interferometry (fp = 1.77 mas, with an uncertainty of +2%)
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Table 2. Flux density fag of Achernar AB.

Ref. Band A fAB g (fAB)
(um) (Wm?um™") (Wm?um™)

1 U 0.360 6.06 x 1078 5.6x 10710

2 Vit 0.535 249 %1078 23x 10710

2 Hp 0.559 2.66 x 1078 59x 1071

3 J 1.235 1.48 x107° 3.9x 10710

3 H 1.662 5.11x10710 1.8x 10710

3 K 2.159 1.90 x 10710 6.8x 1071

4 L 3.40 3.38 x 107! 33x 10712

5 4.6 pm 4.60 6.16 x 10712 8.7x 10713

6 SOwW 9.218 9.86x 10713 29x 1074

7 12pum 1150 3.83x 10713 1.9x 1071

5 11.6um 11.60 2.48 X 10713 23x 10715

6 L18W 1892 5.67x10714 4.7 x 1071

7 25um  23.50  2.13x 10714 1.3x 1071

7 60 um 62.00 6.0l x107'° 1.8x 10716
References. (1) Anderson & Francis (2012); (2) ESA (1997);
(3) Skrutskieetal. (2006); (4) Morel & Magnenat (1978);

(5) Cutrietal. (2012); (6) Ishihara et al. (2010); (7) Beichman et al.
(1988).

we determined the disk averaged effective temperature 7T.s(A)
(single parameter fit). We based this determination on an
interpolation of the set of Castelli-Kurucz model atmospheres
(Castelli & Kurucz 2003) for solar metallicity. We checked a
posteriori that B’s flux affects the determined stellar parame-
ters of A by only 0.10, and is therefore negligible. This pro-
vided us with the spectral energy distribution (SED) of compo-
nent A. We subsequently used the SED of Achernar A to deter-
mine the flux densities of component B (Table 3) from the flux
ratio fg/fa that we measured in 19 filters (Table A.1). Finally,
the angular diameter 8y p(B) and effective temperature T.g(B) of
Achernar B were derived from fitting a Castelli-Kurucz SED
model to these flux densities (two-parameter fit). For the two
SED fits (A and B), the determination of the best-fit parame-
ters was obtained using a multiparameter Levenberg-Marquardt
least-squares fitting algorithm on the complete data set. It is
based on the scipy.optimize.leastsq routine of the SciPy9
library. The top panel of Fig. 7 shows the resulting best-fit SEDs
of Achernar A and B together with the measurements. The resid-
ual dispersion of the data points (bottom panels in Fig. 7) with
respect to the model are taken into account in the parameter
uncertainties. In the redder parts of the SED of Achernar A, there
is an increasing uncertainty due to its Be nature, that leads to an
excess. This excess is variable and reflects the history of the disk
over the last, typically, decades, and likely is at the origin of
the higher scatter of the infrared photometry of Achernar A with
respect to the best-fit SED model. The bolometric luminosities of
the two stars were determined from the integrated flux of these
best-fit atmosphere models. The best-fit parameters of the two
stars are summarized in the lower part of Table 4.

Placing Achernar A in the Herzsprung-Russell (HR) dia-
gram with respect to the stellar evolution model isochrones
from Ekstrom et al. (2012) points at an approximate age of
log Age = 7.8 (Fig. 8). Based on this young age, we estimate
the mass of Achernar B from its position in the HR diagram as
shown in Fig. 9. As this star is on the main sequence, its mass
is well constrained at mg = 2.02 + 0.11 M. This estimate is

° https://scipy.org
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Table 3. Flux density f of Achernar B.

Filter A /B a(fs)
(um) (WmZum™) (Wm™?pm™")

1% 0.554 3.64x 10710 8.0x 1071
CntHa 0.645 1.87x 10710 4.2 x 107!
B_Ha 0.656 1.48x 10710 6.9 x 107!
N_I 0.817 9.63x 107! 2.1x 1071
NB_1.04 1.04 7.23x107!! 6.3 x 10712
NB_1.08 108 6.60x107! 5.2x 1072
NB_1.09 1.09 6.20x 107! 5.2%x 10712
NB_1.24 124 440x1071 3.6 x 10712
NB_126 126 391x10°!! 3.1x10712
NB_1.28 128 334x107!! 2.7 x 10712
NB_1.64 1.64 1.46x 107! 72%x 10713
H 1.64 1.13x 1071 47% 10713
NB_1.75 175 1.19x 107! 8.1x 10713
NB_2.12 212 584x10712 2.1x10713
K 217  439x10712 1.8x 1071
NB_2.17 217 498x10712 2.6x%x 1071
NB_2.18 2.18 5.11x107!2 2.7%x 10713
PAH1 8.59 1.83x107™ 53x 1071
PAH2 1125 623x1075 1.6 x 10715

largely independent of the assumed age of the system (between
half and twice the adopted age from Achernar A). The rotation
status of Achernar B also has a negligible effect on its mass, as
the isochrones with and without rotation are very similar (red
and pink curves in Fig. 9, respectively). The mass of B that we
obtain is consistent with a spectral type A2V-A3V from the grid
by Pecaut & Mamajek (2013)'? (see also Pecaut et al. 2012). It
is in very good agreement with the A1V-A3V spectral type pre-
dicted by Kervella et al. (2008) based on a NACO spectrum of
Achernar B.

3.2. Orbital parameters and mass of Achernar A

To determine the orbital parameters of the system, we consid-
ered all the nonflagged relative astrometry listed in Table A.1.
We complemented this data set with the radial velocity measure-
ments of Achernar A summarized in Table C.2. However, due
to the low accuracy of the radial velocities, we derive the orbital
elements, total mass and radial velocity of the barycenter of A
and B in two steps:

1. Computation of all the orbital elements and the total mass
of the system based exclusively on the differential astrom-
etry and the HIPPARCOS parallax (w = 23.39 + 0.57 mas;
van Leeuwen 2007a).

2. Determination of the radial velocity of the AB barycen-
ter from a second fit including the radial velocities from
which the 1.29 day period oscillations have been subtracted
(Sect. 2.8.3), while fixing the other parameters to the best-fit
values obtained at step 1.

The orbital elements of Achernar B’s orbit are summarized in
Table 4, together with the total mass of the system and the
barycentric radial velocity. The orbital trajectory of B with
respect to A on the sky is shown in Fig. 10. We do not identify

10 http://www.pas.rochester.edu/~emamajek/EEM_dwarf_
UBVIJHK_colors_Teff.txt
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Fig. 7. Spectral energy distributions of Achernar A and B. The pho-
tometric measurements for Achernar A are taken from the literature
(Table 2) and from our measurements for Achernar B (Table 3).

the signature of a third component in the inner Achernar system
from the residuals of the astrometric measurements with respect
to the best fit orbit (Fig. 11).

The error budget of the total mass of the system (+7.4%) is
heavily dominated by the uncertainty on the HIPPARCOS parallax
of the system, as assuming a zero uncertainty on the parallax
would result in a total mass uncertainty of only +2%. Subtracting
the mass mg = 2.02 + 0.11 My determined in Sect. 3.1 from
the total mass, we estimate the mass of Achernar A to my =
5.99+0.60 My, (£10%). This value is consistent within 0.7 with
the mass of 6.4 M, at an age of ~60 Ma predicted for Achernar
A from its position in the HR diagram (Fig. 8) using the model
isochrones by Ekstrom et al. (2012).

As a side note, adopting the 3% lower HIPPARCOS paral-
lax value from the original reduction (@ = 22.68 + 0.57 mas;
Perryman et al. 1997) instead of the reprocessed parallax by
van Leeuwen (2007a) results in a 10% higher total mass of
My = 8.8 £ 0.7 My for the Achernar system (the total mass
scales with @™3). In the present work, we choose to adopt
the parallax from van Leeuwen (2007a), that is well validated
(van Leeuwen 2007b). Achernar heavily saturates the Gaia
detectors, and is absent for this reason from the recent Gaia
DR3 catalog (Gaia Collaboration 2022). However, as discussed
by Sahlmann et al. (2018), a significant improvement by up to a
factor 10 of the Gaia astrometric parameters of naked eye stars
is expected in the coming years, using dedicated data acquisi-
tion and processing techniques. Such a high precision on the
parallax will result in a much better constrained total mass for
the Achernar system. In addition, the measurement by Gaia of
the orbital astrometric wobble of Achernar A combined with the
orbital parameters from the present work will result in a strong
constraint on the mass ratio mg/my, potentially providing the
mass of Achernar A to an accuracy on the order of 1%.
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Table 4. Orbital elements and parameters of Achernar A and B.

Parameter Value

Hip. parallax @ (mas) whp  23.39£0.57 (2.4%)
Semi-major axis (mas) a 171.90 £ 0.25
Semi-major axis (au) a 7.35+0.18
Inclination (deg) i 30.32 £0.35
Eccentricity e 0.7258 + 0.0015
Arg. of periastron (deg) w 172.05 £ 0.87
Long. of asc. node (deg) Q 310.91 £ 0.80
Period (days) P 2570.94 + 0.53
Period (a) P 7.0389 + 0.0015
Ref. epoch (MJD) To 54743.44 + 0.53
Ref. epoch (Jyear) To 2008.7582 + 0.0014
Barycentric RV (kms™') UR +10.49 £ 0.51
Total mass (M) Mot 8.01 £ 0.59 (7.4%)
Ang. diam. of A® (mas) 6 pa 1.770 + 0.035 (2.0%)
Ang. diam. of B (mas) 6ps 0.370+0.014 (3.8%)
Radius of A (Re) Ra 8.14 +0.26 (3.2%)
Radius of B (Ry) Ry 1.70 + 0.08 (4.5%)
T.g of A (K) Tega 15539 + 438 (2.8%)
Teq of B (K) Tewr B 9064 + 624 (6.9%)
Luminosity of A (Lg) L 3493 + 429 (12%)
Luminosity of B (L) Ly 17.5 £ 5.1 (29%)
Model mass of B (M) mg 2.02 £ 0.11 (5%)
Mass of A (M) ma 5.99 + 0.60 (10%)

Notes. “HIPPARCOS parallax from van Leeuwen (2007a). ¥ The angu-
lar diameter 6, p o of Achernar A is the mean angular diameter deter-
mined by Domiciano de Souza et al. (2014).

4. Discussion
4.1. Spin-orbit relative orientation

The inclination of the polar axis of Achernar A on the line of
sight and its position angle with respect to the north have been
determined by Domiciano de Souza et al. (2014) using optical
interferometry: iy = 60.6'75deg and PA;ya = 2169 +
0.4 deg. These geometrical parameters differ from those of the
orbital plane of Achernar B’s orbit: iag = 30.3 + 0.4 deg and
Qap = 310.9+0.8 deg (Table 4). The relative inclination between
the equatorial plane of Achernar A and the orbital plane of
the AB pair is Ai = ia — iap = 30%]deg. Such a spin-
orbit misalignment is observed in other stellar systems (see,
e.g., Sybilski et al. 2018; Albrecht et al. 2007, 2011, 2013). The
direction of the rotation of Achernar A and of the revolution of
B is the same (counterclockwise in projection on the plane of the
sky). The difference in position angle on the sky of the equator
of Achernar A with respect to the line of nodes of the orbit of B
is small at APA = (PAjoa + 90°) — Qap = —4 + 1 deg (Fig. 10).
A progressive alignment of the orbital plane of B with the spin
of A may occur in the future either through tidal interactions
(Lin & Ogilvie 2017) or possibly mass transfer when Achernar
A will evolve into a supergiant (Sect. 4.4).

4.2. Achernar B and the Be decretion disk

Suffak et al. (2022) modeled the effect of the presence of a mis-
aligned orbiting companion on the Be star disk. In the case of the
Achernar system, the high eccentricity e = 0.726 brings compo-
nent B between 12.7 au (apastron) and 2.0 au (periastron). At its
closest approach from Achernar A, the secondary is therefore
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Fig. 8. Position of Achernar A in the Herzsprung-Russell diagram, with
isochrones from Ekstrom et al. (2012). The age of each isochrone is
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Fig. 9. Position of Achernar B in the Herzsprung-Russell diagram, with
isochrones from Ekstrom et al. (2012). The labels on the isochrones are
the mass values (M,).

located at 47 R,y from the primary, with R.q = 9.2 R, the equa-
torial radius of Achernar A (Domiciano de Souza et al. 2014).
The decretion disk of Achernar during the Be phases was mea-
sured by Dalla Vedova et al. (2017) using optical interferometry
to extend in the near-infrared up to ~2 R4 (see also Carciofi et al.
2007). This is consistent with the results of a modeling with
the SIMECA code by Kanaan et al. (2008), who found that an
equatorial disk with a radius <5 R reproduces the observations.
These observations were collected during a phase of relatively
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Fig. 11. Residuals of the astrometry of Achernar B relative to A for the
best-fit orbit as a function of time.

moderate Ha emission of Achernar A (see also Appendix C.2
and Fig. C.1), and the disk was likely less extended than dur-
ing typical emission phases. Klement et al. (2019) observed the
disk emission of Achernar in the millimeter domain around the
2015 periastron passage of Achernar B, but did not detect a sig-
nificant variation caused by the approach of the companion. The
approximate formula by Eggleton (1983) gives a Roche radius
of ~1.0 au for Achernar A at periastron, or half of the periastron
separation. Mass transfer from the Be star to Achernar B there-
fore appears unlikely considering the limited extension of the
decretion disk (on the order of 0.2 au, considering an extension
of 5 R¢q), except possibly during particularly intense Be phases.

4.3. Present evolutionary state of Achernar

To evaluate the age and evolutionary state of Achernar,
we adopt the stellar evolution models with rotation by
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Fig. 12. Radial velocity measurements of Achernar A compared to the
best-fit orbital model of the AB pair (top panel) and the correspond-
ing residuals (bottom panel). The short-period oscillations (Sect. 2.8.3)
with a period of 1.29day have been subtracted from the measure-
ments. The dashed curve represents the predicted radial velocity curve
of Achernar B.

Georgy et al. (2013). Here we assume that Achernar A is not the
result of a past stellar merger. This possibility appears unlikely
considering the orbital configuration of the AB system and its
relatively young age. The metallicity is taken to be solar (Z =
0.014) and the initial rotation velocity as 95% of the critical
velocity for both stars. The latter hypothesis is justified by the
present rotation velocity of Achernar A, which was determined
to be very close to critical by Domiciano de Souza et al. (2014)
at w/wyyw = 0.98. Figure 13 shows the best-fit evolutionary
tracks of both stars. For Achernar B, the choice of rotation veloc-
ity hypothesis has mostly no effect on the estimation of its mass
(see also Sect. 3.1). The mass range for Achernar A is found to
be ma = 6.4 + 0.2 M at an age of 63 + 4 Ma, in agreement
with the 6.0 + 0.6 My mass determined in Sect. 3.2. The best-fit
model is overall in good agreement with the observed properties
of Achernar A, that passed the turn-off %70 000 years ago. With
a present composition of its core of X =~ 6% and Y ~ 93%, it
is at the beginning of the hydrogen-shell burning phase, rapidly
crossing the HR diagram toward the helium-burning phase.

As shown in Fig. 14, the expected geometric flattening ratio
of its photosphere R.q/Rpo1 = 1.39 is consistent with the value
of 1.35 + 0.07 determined by Domiciano de Souza et al. (2014)
from interferometric observations. The present state of Achernar
corresponds to its strongest flattening over its complete evolu-
tion. This occurs shortly before the rapid inflation toward the
supergiant class, when the flattening will promptly disappear.
The curve of the rotational velocity evolution depends on the
adopted initial rotation rate. However, as soon as the star reaches
critical rotation, the initial rotation velocity conditions become
inaccessible, because an unspecified amount of angular momen-
tum has been lost through the disk. The evolution of Achernar
during its first 50 Ma is therefore uncertain as it depends signifi-
cantly on the adopted initial rotation velocity.
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The secondary component Achernar B is a regular main
sequence star, whose early A spectral type implies that it
has statistically a high probability of being also a fast rota-
tor (Royer et al. 2007; Zorec & Royer 2012). Following the
recent Be star survey by Bodensteiner et al. (2020), Achernar
is thus presently the only known Be star with a main sequence
companion. Achernar B does not show evidence of a past mass-
transfer with Achernar A. This is therefore a different configura-
tion from that reported recently by El-Badry et al. (2022) in the
binary Be star HD 15124. Considering the present evolutionary
state of Achernar A, Achernar B will not evolve into a subdwarf
such as the companions detected by Klement et al. (2022) orbit-
ing three classical Be stars (28 Cyg, V2119 Cyg, and 60 Cyg).
The longer orbital period of Achernar B (7 years) compared to
these three binary systems (a few months) prevented mass trans-
fer between the two components. This absence of interactions
with Achernar B implies that Achernar A is presently the first
and only identified case of a single-star evolution track Be star.
The proximity of the two stars at periastron also prevents the
presence of a third component that could have spun up A in the
past through mass transfer. The single-star evolutionary mod-
els predict that the rotation of Achernar A became progressively
closer to critical (Fig. 14) and drove a formerly normal B star into
the Be star regime without requiring mass-transfer. This direct
mechanism to form a Be star therefore appears to be a plausi-
ble alternative to the binary mass-transfer scenario discussed by
Bodensteiner et al. (2020; see also Shao & Li 2021). The prop-
erties of the Achernar system also strengthen the hypothesis by
Hastings et al. (2021) that a significant fraction of Be stars were
formed through single-star evolution.

As it is a main sequence star, the high contrast between
Achernar A and B makes it a difficult detection. Addition-
ally, as the shape of Achernar B’s SED is generally compara-
ble to that of Achernar A (Fig. 7), its presence does not cause
a significant color-dependent excess that could be employed
to detect it. Finally, the fact that Achernar A and probably
also B are fast rotators prevents the spectroscopic detection
of such main sequence companions from their signature in
radial velocity (Sect. 2.8). As a consequence, direct imaging
and long-baseline interferometry appear as the most efficient
techniques to search for main sequence companions of Be
stars. To estimate the distance up to which Achernar B would
be detectable using SPHERE adaptive optics, we observe that
the detection of B is difficult close to periastron (Table A.1),
that is, at a separation of ~50mas. Considering the apastron
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estimate from Domiciano de Souza et al. (2014) shown as a red dot.

separation at discovery, this implies in practice that the detec-
tion of companions similar to B using adaptive optics is lim-
ited to a radius of =6Xx its actual distance, that is, 250 pc
(this could be improved using, e.g., coronagraphic techniques).
Thanks to its high angular resolution (~1mas) and contrast
(=200; Gallenne et al. 2019), optical long-baseline interferom-
etry would have the capacity to detect a twin of Achernar B up
to ~3 kpc. At this distance, and neglecting interstellar reddening,
the apparent K band magnitude of Achernar (mg =~ 10) would
be accessible to the GRAVITY fringe tracker with the VLTI Unit
telescopes.

4.4. Future evolution of Achernar

According to the position of the blue edge of the classical insta-
bility strip (IS) estimated by Anderson et al. (2016), the best-
fit evolution model of Achernar A (ma = 6.4 M) implies that
it will enter the IS in ~400000 years (Fig. 13, left panel). The
first crossing of the IS will last only ~10 000 years, during which
Achernar will be an intermediate mass classical Cepheid, with a
radius R ~ 50 Ry and a fundamental mode pulsation period P ~
5 days (adopting the period-mass-radius relation by Pilecki et al.
2018; see also Trahin et al. 2021). The Achernar system there-
fore appears to be a promising progenitor of the numerous
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Table 5. Astrometry and radial velocity of Achernar and 2MASS J01375879-5645447 (Gaia EDR3 4911252913514571648).

Parameter (ICRS) Value Epoch  Reference
Achernar position (@, d)ap (01:37:43.01696, —57:14:12.9219) +(5.1,4.4) mas 1991.25 1
Achernar parallax WAB 23.39 + 0.57 mas 1991.25 1
Achernar PM UAB (+87.00 + 0.58, —38.24 + 0.50) masa™! 1991.25 1
Achernar RV URAB +10.5+0.5kms™! 2013 2
2M position (a,6),m  (01:37:58.97272, —56:45:45.3427) +(0.014,0.014) mas  2016.0 3
2M parallax TAB 22.246 + 0.020 mas 2016.0 3
2M PM Hom (+92.992 + 0.017, —32.009 + 0.018),mas a™" 2016.0 3
2M RV UROM +8.5+0.6kms™! 2012.5 4

References. (1) van Leecuwen (2007a); (2) Present work; (3) Gaia Collaboration (2021); (4) Kraus et al. (2014).

Cepheid binary or multiple systems that are observed in the
Milky Way (Gallenne et al. 2013, 2014, 2019; Kervella et al.
2019a,b) and in the Magellanic Clouds (Gieren et al. 2015;
Pietrzynski et al. 2010; Pilecki et al. 2013, 2015, 2018). After its
first crossing of the IS, the radius of Achernar A will continue
to increase, reaching a maximum of 120 Ry in =600 000 years.
At this stage, due to the relatively high orbital eccentricity,
interactions may occur between the supergiant and Achernar B
(periastron at =430 Ry). The approach of the secondary star
(mostly unevolved compared to its present stage) within <4 R,
from the primary during this phase may result in a modifica-
tion of their evolutionary path, that is not reflected in the present
model.

4.5. Comoving star and the Tuc-Hor association

From their survey of nearby common proper motion (PM)
companions in the solar neighborhood, Kervella et al.
(2022) identified a star comoving with  Achernar,
2MASS J01375879-5645447 (TIC 230982053, Gaia EDR3
4911252913514571648), that is shown in Fig. 15. For con-
venience, we refer to this star in the following as 2M. It is a
relatively faint red dwarf (G = 13.48, K = 9.53) with an esti-
mated mass of 0.41 My and a radius of 0.40 R, (Kervella et al.
2022, using the relations by Mann et al. 2015). These param-
eters correspond to a red dwarf of approximate spectral type
M2.5V (Pecaut & Mamajek 2013). This is slightly warmer and

All1l, page 13 of 27



A&A 667, Al11 (2022)

more massive than the M3.8V (£0.3) spectral type reported
by Krausetal. (2014), who classified 2M as a candidate
member of the young Tucana-Horologium (Tuc-Hor) moving
group. These authors also determined its radial velocity to be
Urad(2M) = 8.5 + 0.6kms™!, and its projected rotation velocity
Uror SiNi = 9.8 + 0.7kms™". 2M is listed as a single star in the
catalog by Janson et al. (2017), but the relatively high value of
its Gaia EDR3 RUWE (1.5) points at the possible presence of an
additional close-in object (see Sect. 4.2 of Kervella et al. 2022).
Bell et al. (2015) and Gagné et al. (2015) both find that 2M is a
member of the Tuc-Hor moving group, whose age is estimated
to 45 + 4Ma, and propose M4.0V and M3.9V spectral types,
respectively.

The astrometric parameters of Achernar and 2M are listed
in Table 5. The Gaia EDR3 parallax of 2M is within 20 of the
HIPPARCOS parallax of Achernar. 2M is presently located at a
projected separation of 73 kau from Achernar, and an extrapola-
tion of their projected separation in the past shows that it passed
through a minimum of 40 kau approximately 150 000 years ago.
Their PM vectors are tightly aligned to less than 5°, and their
relative space velocity is only Av = 2.55 + 0.88kms~!. This
value is significantly larger than the present escape velocity of
the three stars, that is at most vese = V2GMo/R = 0.45kms™!
for the total mass of My = 8.4 My and the projected separa-
tion R = 73 kau. We conclude that Achernar AB and 2M are not
gravitationally bound. However, their very low relative veloc-
ity points at a probable membership of Achernar in the Tuc-
Hor association. This possibility is reinforced by the similarity
of the ages of Achernar (=260 Ma; Figs. 8 and 13) and of Tuc-
Hor (45 +4 Ma; Bell et al. 2015). If confirmed, this membership
would make of Achernar the most massive object of this young
stellar association, and therefore a valuable age indicator for the
moving group.

5. Conclusion

Using a combination of high angular resolution astrometric mea-
surements of Achernar A and B collected over 13 years with the
VLT(), we established the elements of the 7-year orbit of the
system. We also collected archival and new radial velocity mea-
surements from spectroscopy spread over more than 12 years.
Due to the presence of a significant scatter in these veloci-
ties induced in particular by the oscillations of Achernar A,
we could not clearly detect the signature of the orbital motion
in the radial velocity series. However, we used these measure-
ments to determine the barycentric radial velocity of the sys-
tem. Adopting the HIPPARCOS parallax, we determined the total
mass of Achernar A and B, and deduced the mass of the main
Be component (ma = 5.99 + 0.60 M) by subtracting a model-
based estimate of the mass of the A2V-A3V secondary (mp =
2.02 + 0.11 My). We do not observe a significant correlation
between the orbital motion of Achernar B and the Be emission
phases of Achernar A, although a moderate emission enhance-
ment is observed around the periastron from late 2015. As no
significant mass-transfer occurred with Achernar B in the past,
we argue that Achernar A is presently the first and only identi-
fied example of a single-star evolution track Be star. It is also
the only known Be star with a regular main sequence com-
panion. Achernar A therefore demonstrates the existence of a
direct mechanism to form a Be star, without the need for binary
mass-transfer (Bodensteiner et al. 2020) as found, for example,
in the ¢ Per system (Mourard et al. 2015). Achernar A will enter
in the classical instability strip in =400 000 years, potentially
becoming an intermediate-mass Cepheid pulsating star. Due to
the eccentricity of the orbit of Achernar B, there is however
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a possibility that Achernar A and B interact during the tran-
sition of the primary to the supergiant phase, possibly affect-
ing the evolutionary paths of the two stars. The close similar-
ity between the space motion of Achernar and the red dwarf
2MASS J01375879-5645447 leads us to propose that Achernar
is a member of the young Tucana-Horologium moving group.
The age of this association (45 + 4 Ma; Bell et al. 2015) appears
comparable to the value that we determine for Achernar A
(=60 Ma) using the evolutionary tracks by Georgy et al. (2013).
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Appendix A: Astrometric and photometric data

The complete set of relative astrometric and photometric mea-
surements of Achernar B with respect to A is presented in

Table A.1.

Table A.1. Astrometry and photometry of Achernar B relative to Achernar A. The data points marked with a “e” flag were excluded from the
orbital and spectral energy distribution fits.

Date MJD Instrument Aa AS A f/fs Flag
(mas) (mas)  (um) (%)
2006-10-04 54012.1328 VISIR 11.25 2.14 +0.57
2006-10-04 54012.1328 VISIR —184.00+25.0 211.00+25.0 859 1.95+0.57
2007-06-27 54278.3673 NACO -85.77+3.69 17595+3.74 217 2.17+0.63
2007-06-27 54278.3677 NACO -84.82+3.10 192.64+3.09 217 294+0.77
2007-07-08 54289.3243 NACO -78.48 +6.87 178.79+7.08 2.17 2.02+0.72 °
2007-07-08 54289.3246 NACO -83.69+3.30 184.24+329 217 228+0.71
2007-08-01 54313.4218 NACO -61.87 591 15748 +5.63 217 3.38+0.84 .
2007-08-01 54313.4221 NACO -65.57+4.06 166.72+3.75 2.17 327+1.44
2007-08-09 54321.3553 NACO -80.18 £5.18 184.03+5.61 2.17 2.61+0.77 .
2007-08-09 54321.3558 NACO -86.02+6.55 179.24+6.59 2.17 2.21 +0.68 .
2007-08-09 54321.4110 NACO -55.21+433 160.10+3.81 2.17 4.55+1.28 .
2007-08-09 54321.4115 NACO -5451 570 161.14+456 217 2.66+1.11 .
2007-10-27 54400.1953 NACO -18.75+19.2 14143 +13.0 2.17 3.52+1.69 .
2007-10-27 54400.1962 NACO -1747«17.1 13381135 217 427+1.74 .
2007-10-27  54400.1989 NACO -48.36 +4.31 156.05+426 1.64 3.09+1.52
2007-10-27 54400.1996 NACO -3532+7.17 13361840 1.64 4.00+1.52 .
2007-10-27  54400.2015 NACO -5425+338 147.05+3.58 1.09 4.06+2.17 °
2007-10-27 54400.2021 NACO -64.08 +4.60 146.15+4.72 1.09 3.52+2.52 .
2007-10-28 54401.1258 NACO 4993 +4.18 176.24+491 2.17 1.62+0.98 °
2007-10-28 54401.1267 NACO -48.02+4.40 174.89+494 217 1.89+0.79 .
2007-10-28  54401.1280 NACO -50.59+£520 16946+5.60 1.64 2.03+0.93 .
2007-10-28 54401.1287 NACO -51.59+436 16543+445 1.64 2.60+1.06
2007-10-28 54401.1301 NACO -5222+541 17339+£6.63 1.09 159+1.44 .
2007-10-28  54401.1307 NACO -41.49 £5.05 16623+482 1.09 2.54+1.73 .
2007-11-01  54405.0067 NACO -52.22+352 17434+4.00 2.17 1.24+0.93 .
2007-11-01  54405.0076 NACO -53.44+£350 164.66+3.54 2.17 1.70+6.05 .
2007-11-01  54405.0088 NACO -63.94+3.81 169.62+3.79 1.64 220+1.12 °
2007-11-01  54405.0095 NACO -55.48 £3.14 16439+3.17 1.64 3.20+1.27
2007-11-01  54405.0108 NACO -80.13+ 143 162.74+6.57 1.09 4.09+2.17 °
2007-11-01 54405.0114 NACO -79.43 +10.1 160.13+5.72 1.09 4.19+2.18 .
2007-11-07 54411.0984 NACO -36.77+4.83 16843+530 217 1.17+1.53 .
2007-11-07 54411.0992 NACO —-43.58 +3.68 167.54+3.92 217 1.69+1.97 .
2007-11-07 54411.1008 NACO -3798 +4.57 166.69+4.75 1.64 2.54+1.54 .
2007-11-07 54411.1015 NACO 4798 £5.69 165.64+5.60 1.64 2.98+1.78 .
2007-11-07 54411.1028 NACO -40.58 £599 17498 +7.47 1.09 1.01+1.66 .
2007-11-07 54411.1034 NACO -46.33+£4.02 180.09+5.30 1.09 0.92 +3.07 .
2007-12-22  54456.0693 NACO -29.90+3.88 15623 +4.12 2.17 1.38+1.27 .
2007-12-22  54456.0701 NACO -2576+3.56 152.19+£3.65 2.17 190+1.14 .
2007-12-22  54456.0725 NACO -2771 £443 156.61 490 1.64 1.88+2.05 °
2007-12-22  54456.0731 NACO -28.40+3.66 15456+3.80 1.64 2.48+2.04 .
2007-12-22  54456.0742 NACO -34.64 +6.67 14428 +6.21 1.09 3.00+1.93 °
2007-12-22 54456.0748 NACO -32.06+3.30 137.53+334 1.09 3.90+1.63
2008-11-04 54779.0000 AMBER 1.64 2.26+0.09
2008-11-04 54779.0000 AMBER 217  229+0.09
2008-11-04 54774.1213 AMBER 20.23 +£0.50 -46.54+095 HK
2008-11-08 54778.1213 AMBER 1699 £0.55 -48.42+097 HK
2008-11-10 54780.1213 AMBER 1537 +0.61 -4936+1.00 HK
2008-11-14 54784.1213 AMBER 12.13+£0.76 -51.24+1.08 HK
2009-01-04 54835.0214 NACO -4445+351 -56.62+3.10 175 1.36+1.14 °
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Date MJD Instrument Aa AS A fs/fs Flag
(mas) (mas)  (um) (%)
2009-01-04 54835.0254 NACO -38.65+3.59 -5826+331 1.64 1.79 £ 0.79 .
2009-01-04 54835.0290 NACO 4427 +333 -81.38+3.51 212 2.12 + 0.96 .
2009-01-04 54835.0319 NACO -46.44 +3.81 -8691+436 2.17 1.35+0.80 .
2009-01-07 54838.0356 NACO -3491+£299 —-4426+3.19 2.17 2.12 + 1.46 .
2009-01-07 54838.0381 NACO -38.88+£294 -4346+3.05 2.12 1.68 +1.37 .
2009-01-07 54838.0451 NACO -33.65+12.8 —-87.41+30.0 1.28 -0.80+2.30 .
2009-01-07 54838.0475 NACO -37.68+2.87 -69.06+287 126 -0.57+2.50 °
2009-01-07 54838.0500 NACO -37.00+11.1 -6725+11.3 1.09 -1.69+2.00 .
2009-01-07 54838.0945 NACO SAM -33.14+1.74 -6191+1.66 1.64 2.67 +0.19
2009-01-07 54838.0945 NACO SAM -30.63+1.54 -58.14+1.68 2.18 2.55+0.13
2009-01-07 54838.0945 NACO SAM -29.60+1.06 -62.76+1.16 2.12 2.60 +0.10
2009-10-06  55110.2083 NACO -159.79 +2.69 -13.17+2.68 2.12 291 +0.73
2009-10-06  55110.2095 NACO -16591 +2.68 —-12.74+2.68 1.75 2.77 £0.61
2009-10-06  55110.2105 NACO -16429+2.66 -11.06+2.66 1.64 2.53 +0.58
2009-10-06 55110.2117 NACO -164.48 +2.68 -11.50+2.68 1.28 2.75 + 0.60
2009-10-06 55110.2128 NACO -163.19+2.67 -12.63+2.67 126 3.14 + 0.69
2009-10-06  55110.2140 NACO —-165.83 +2.66 -12.80+2.66 1.24 2.86 + 0.58
2009-10-06  55110.2151 NACO -163.10+2.67 -1496+2.67 1.09 2.95+0.74
2009-10-06 55110.2163 NACO -164.89 +2.69 -11.66+2.70 1.08 3.09 £ 0.74
2009-10-06 55110.2174 NACO -162.66 +2.68 —13.22+2.68 1.04 3.05+0.78
2009-10-06 55110.2189 NACO -161.11 +2.69 -1391+2.69 2.17 2.81 +0.74
2009-10-08 55112.2239 NACO -159.84 +2.69 —-12.44+2.68 2.17 2.78 + 0.66
2009-10-08 55112.2252 NACO —158.77+2.69 —-1297+2.69 2.12 2.81 +0.65
2009-10-08 55112.2264 NACO -16343+2.72 -11.67+x272 1.75 3.08 + 0.63
2009-10-08 55112.2275 NACO -164.53 +£2.66 -10.73+2.66 1.64 243 +0.51
2009-10-08 55112.2287 NACO -164.23 +2.67 -11.16+2.67 1.28 2.62 + 0.60
2009-10-08 55112.2299 NACO -163.31+2.67 -1094+2.67 126 3.01 +0.69
2009-10-08 55112.2311 NACO -162.73 £2.69 -10.67+2.69 124 3.13+0.71
2009-10-08 55112.2323 NACO -161.88+2.75 -11.26+2.75 1.09 3.25+0.75
2009-10-08 55112.2335 NACO -161.11 +2.74 -11.14+2.74 1.08 3.28 +0.76
2009-10-08 55112.2346 NACO -16422+2.70 -11.93+270 1.04 3.25+0.79
2010-10-23  55492.1995 NACO —240.63 + 2.67 7128 +2.67 2.17 2.35+0.43
2010-10-23  55492.2007 NACO —242.28 + 2.66 73.93+2.66 1.75 2.43 +0.47
2010-10-23  55492.2018 NACO —241.42 +2.68 72.63 +£2.68 1.28 2.08 +0.38
2010-10-23  55492.2030 NACO —238.56 + 2.67 72.60 +2.67 1.24 2.30 + 0.36
2010-10-23  55492.2041 NACO -241.21 +2.69 71.52+2.69 1.08 222 +0.41
2010-10-23  55492.2053 NACO -241.31 = 2.67 7344 +£2.67 1.04 1.90 + 0.42
2010-11-18 55518.0295 NACO —245.01 = 2.65 77.03+2.65 1.64 2.55+0.52
2010-11-18 55518.0307 NACO —244.59 + 2.66 77.67+£2.66 2.17 2.75 +0.55
2010-11-18 55518.0318 NACO —243.77 £ 2.65 77.39+2.65 1.64 2.34 +0.44
2010-11-18 55518.0330 NACO —244.83 +2.66 75.80+2.66 1.26 2.17 +0.39
2010-11-18 55518.0341 NACO —246.35 + 2.67 76.18 £2.67 1.09 1.99 + 0.39
2010-11-18 55518.0353 NACO —244.28 + 2.67 75.08 £2.67 1.04 1.91 +0.37
2011-09-23  55827.2460 NACO —255.57+2.66 138.45+2.66 2.17 2.31+045
2011-09-23 55827.2487 NACO -255.39+2.67 13512267 2.17 2.17 +£0.44
2011-09-23  55827.2501 NACO -25392+2.66 13654266 2.17 2.37+0.47
2011-09-23  55827.2513 NACO —255.68 +2.68 136.75+2.68 2.12 2.55+0.50
2011-09-23  55827.2524 NACO -25520+2.67 13585+2.67 1.75 2.16 +0.42
2011-09-23  55827.2535 NACO -25544 +2.74 136.65+2.74 1.64 2.30 +0.46
2011-10-04 55838.2645 NACO -25459+2.66 137.88+2.66 2.17 2.68 +0.51
2011-10-04 55838.2660 NACO —25427 +2.66 138.04+2.66 2.12 2.79 +0.53
2011-10-04 55838.2673 NACO -253.79+2.66 136.67+£2.66 1.75 3.15+0.56
2011-10-04 55838.2684 NACO -253.80+2.67 137.26+2.67 1.64 2.58 +£0.47
2011-10-04 55838.2697 NACO -253.07+2.70 13540+2.70 1.28 2.71 £0.50
2011-10-04 55838.2709 NACO -25443 +2.74 13572+£275 1.26 2.47 +0.48
2011-10-04 55838.2721 NACO -253.74 £2.68 13647 +2.68 1.24 271 +£0.46
2011-10-04 55838.2733 NACO -25247+2.76 136.15+2.76 1.09 2.25+041
2011-10-04 55838.2746 NACO -253.35+2.88 137.56+2.88 1.08 2.23+044
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Date MJD Instrument Aa AS A fs/fs Flag

(mas) (mas)  (um) (%)
2011-10-04 55838.2758 NACO -251.65+2.81 137.89+2.81 1.04 237+045
2011-11-20 55885.0603 NACO —252.09 +2.66 143.42 +2.66 2.17 2.58 +0.49
2011-11-20 55885.0631 NACO —251.86 +2.66 144.27 +2.66 2.17 2.56 + 0.48
2012-08-12 56151.3938 NACO —23442 +2.66 179.37 £2.66 2.17 2.50 +0.52
2012-08-12 56151.3958 NACO —234.15+2.66 179.13 +£2.66 212 2.52+0.52
2012-08-12 56151.3971 NACO —23427+2.66 179.21 £2.66 1.75 2.29+0.43
2012-08-12 56151.3991 NACO —23324 +2.66 180.07 +£2.66 1.28 2.13 +0.67
2012-08-12 56151.4013 NACO —23347+2.68 17571 £2.68 126 220+0.74
2012-08-12 56151.4033 NACO -23424+273 17845+2.73 1.09 1.86 +0.78
2012-08-12 56151.4045 NACO —234.85+271 17590+2.72 1.08 1.87 £0.51
2012-08-12 56151.4056 NACO -232.32+2.71 177.83+2.71 1.04 1.91 + 0.67
2012-08-25 56164.3359 NACO —-232.59+266 180.17 +£2.66 2.17 2.56 +0.49
2012-08-25 56164.3371 NACO -23544+2.70 196.32+2.78 212 295+0.76 °
2012-08-25 56164.3382 NACO -23224 +2.65 180.53 +2.65 1.75 2.68 + 0.50
2012-08-25 56164.3392 NACO —-231.06 £2.67 180.82 +2.67 1.64 252+042
2012-08-25 56164.3402 NACO —230.96 +2.68 182.47 +2.68 1.28 2.26 +0.45
2012-08-25 56164.3412 NACO -230.13+2.72 183.38 £2.72 1.26 2.39+047
2012-08-25 56164.3432 NACO -23220+274 182.86 +£2.74 1.09 2.56 +0.59
2012-08-25 56164.3444 NACO -230.06 +2.71 182.51+2.71 1.08 2.78 £0.51
2012-12-07 56268.0620 NACO -219.09 +2.65 189.35 +2.65 2.17 2.44 +0.45
2012-12-07 56268.0634 NACO —219.87 +£2.65 189.78 +2.65 212 250+047
2012-12-07 56268.0649 NACO —219.55+2.65 189.85 +2.65 1.75 243 +043
2012-12-07 56268.0663 NACO -219.50 +2.66 189.73 +£2.66 1.64 239+045
2012-12-07 56268.0679 NACO —-218.80 +2.67 190.21 +2.67 1.28 2.39+0.53
2012-12-07 56268.0695 NACO -219.19+2.69 189.99 +2.69 126  2.59+0.54
2012-12-07 56268.0711 NACO -219.34 +2.67 188.59 +2.67 1.24  2.68 +0.55
2012-12-07 56268.0726 NACO —-221.12+276 189.33 +£2.76 1.09 2.17 +£0.57
2012-12-07 56268.0742 NACO -219.69 +2.69 188.77 +£2.69 1.08 2.15+0.43
2012-12-07 56268.0757 NACO —22243+2.69 18543 +2.69 1.04 2.56+0.90
2015-10-09 57304.1001 SPHERE 4461122 -1291+234 0.8168 1.48 +0.68
2015-10-09 57304.1001 SPHERE 48.01 +2.26 -1539+2.15 0.554 0.10+0.44
2015-10-09  57304.1090 SPHERE 4790+428 -1241+4.12 0.6556 0.33+0.50
2015-10-09 57304.1090 SPHERE 4755+1.86 —-14.65+1.86 0.6449 0.61 +0.50
2015-11-10  57336.1727 SPHERE 2794+0.92 -4277+1.06 0.8168 1.31+0.41
2015-11-10 57336.1727 SPHERE 2920+ 1.16 —-4121+1.13 0554 147+041
2015-11-10 57336.1855 SPHERE 3190 +2.68 —-46.81 +£4.09 0.6556 0.97+0.23 .
2015-11-10  57336.1855 SPHERE 30.12+1.53 -43.52+1.63 0.6449 1.12+0.34
2015-11-17 57343.0441 SPHERE 2348 +1.03 -49.88+1.06 0.8168 0.19+0.44 °
2015-11-17 57343.0441 SPHERE 2620+ 1.31 —-4597+1.17 0.554 0.88+0.66 °
2015-11-17 57343.0591 SPHERE 2442 +£1.59 —-4729+122 0.6449 0.68+0.42 .
2015-11-17 57343.0591 SPHERE 2433 +£1.38 —-47.86+1.28 0.6556 0.46=+0.38 .
2015-11-18 57344.0226 SPHERE 19.83 £098 -50.16+0.84 0.8168 0.52+0.43 .
2015-11-18 57344.0226 SPHERE 2294 +091 -46.02+0.82 0.554 047+042 .
2015-11-27 57353.1197 SPHERE 1232 +147 -51.64+143 0.8168 1.45+0.57
2015-11-27 57353.1197 SPHERE 1630+ 1.70 -48.72+1.20 0.554 1.33+0.47
2015-11-27 57353.1330 SPHERE 1404 +£1.65 -48.10+192 0.6556 1.09=+0.51
2015-11-27 57353.1330 SPHERE 1403 +1.11 -5037+1.11 0.6449 131+0.44
2016-10-12 57674.7517 PIONIER —-162.70 +1.60 —13.90+ 1.40 1.64 1.23 +£0.27
2016-11-11  57705.5752 PIONIER  —174.60 + 1.60 -6.60 = 1.50 1.64 0.71 £0.32
2016-11-21 57713.4683 GRAVITY -174.24 +0.02 -4.79 £ 0.05 2.17 1.61+£0.76
2019-11-22  58749.0833 MATISSE -227.70 +2.00 184.39+2.00 3.50
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Appendix B: GRAVITY observations and modeling

The individual GRAVITY observations of Achernar, together
with the best-fit model for the complete data set, are presented

in Fig. B.1.
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Fig. B.1. Detection of Achernar B from the GRAVITY individual obser-
vations in the closure phase signal 7'3¢ for each of the four telescope
triplets, and amplitude of the fringe visibility |V| for the six baselines.
The observations are shown as black curves, and the best-fit model as
red curves. The observing dates are given above each panel (see also

Fig. 4 and Sect. 2.6 for further details).
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Appendix C: Radial velocities of Achernar
C.1. Spectroscopy data set

The different spectrographs from which we collected spectra
of Achernar and the overall properties of the data are listed in
Table C.1.

C.2. Ha and other Balmer lines

As can be expected for a B-type star, the spectrum of Achernar
exhibits very few spectral lines. The Hydrogen Balmer and
Paschen series are dominating and are all in absorption except
for He, which displays intermittent emission. This behavior
is relatively well-explained by the existence of a circumstellar
gaseous Keplerian disk fed by mass ejected from the star. In
all the spectra considered here, the disk is weak (no emission
in HB or in the other Balmer lines, only weak emission in Ha)
and transient, meaning that Achernar alternates between a quies-
cent, emission-free phase, and an Ha-emission phase when the
disk is present (B = Be, Rivinius et al. 2013b,a). When in emis-
sion, the Ha line of Achernar displays a typical two-peak struc-
ture embedded into a wide absorption profile (Fig. C.1, top left
panel), that is used as a proxy for the disk behavior.

For most of our spectroscopic data set, several consecutive
spectra were acquired at each observation epoch (Table C.1).
We stacked these consecutive spectra together to increase the
spectral S/N and to reduce the possible high-frequency jitter in
the data. Then we fit He with two basic, empirical models to
monitor Achernar B = Be phases, and investigate a possible
link with the companion orbit. The emission-free model con-
sisted in the sum of two Gaussians in absorption, one with a
shallow, broad peak, and the other with a narrower deeper peak.
For the emission model, we considered the sum of a shallow
Gaussian in absorption plus two narrow Gaussians in emission.
We emphasize that we did not try to model He perfectly but that
we only tried to monitor its overall behavior. From the models,
we derived three observables: the emission-to-continuum ratio
(E/C; that is, the emission peak height above the continuum), the
radial velocity (RV), and the ratio of the violet and red peaks
(V/R, Rivinius et al. 2013a).

We are able to distinguish several different phases from
our He modeling (Fig. C.1). From mid-2002 to at least mid-
2004, Achernar was in a quiescent B phase (no significant
Hoa emission), before entering an emission Be phase in 2006.
This He behavior was already monitored by previous studies
(Carciofi et al. 2007; Rivinius et al. 2013b). The disk responsi-
ble for this emission must have vanished some time later as
from 2009 to 2013 Ha was again in absorption. Then, a new
disk started forming between November 2012 and January 2013,
with Ha emission apparently lasting at least until 2018. In late
2020, this new disk has again vanished. The timing of the start
of this second Be phase is confirmed by interferometric obser-
vations of the disk formation (Domiciano de Souza et al. 2014,
Dalla Vedova et al. 2017). We note that both Be phases seem to
occur around a passage at periastron of the binary companion,
with the first observed Be phase happening roughly two years
before the passage in late 2008, and with the second Be phase
enclosing the next passage in late 2015 (CHIRON epochs).

We observe that Achernar Ha emission phases remain quite
weak for a Be star, with an E/C ratio always below 1.3, con-
firming previous studies (Rivinius et al. 2013b). Interestingly,
the strength of the Ha emission seems to vary only on long
timescales: the E/C ratio is continuously decreasing over the
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2006 FEROS data set, as well as over the 2015-2016 CHIRON
data set, while it is almost continuously increasing over the 2014
FEROS data set as well as over the 2018 BeSS data set (Fig. C.1).
The Ha RV are highly variable during the Be phases. Due to the
very large uncertainties derived from the emission-free model,
it is difficult to assess the He RV during Achernar Be phases,
though the RV values seem to be close to the V,, ~ 19kms™
from the litterature.

For several Be stars with short-period binary companions,
the variability of the V/R ratio of several Be stars was found to
be synchronized with the orbital motion (Zharikov et al. 2013;
Saad et al. 2021). For Achernar, the V/R ratio is quite stable over
the two observed Be phases, with most data in the 0.75 — 1 range
over the 2006, 2013-2014, and 2018 data sets. However, the V/R
displays a small but significant average increase over the 2015-
2016 (CHIRON) data set, with data in the 0.85 — 1.15 range (~1
in average). Interestingly, this corresponds to the expected pas-
sage at periastron from late 2015. Yet, given the smallness of this
apparent V/R shift and the data dispersion, we consider it uncer-
tain that this is caused by the proximity of the companion to the
primary star.

C.3. Helium and metallic lines
C.3.1. Significant metallic absorption lines:

Apart from the Hydrogen Balmer and Paschen series, we count
only thirteen significant photospheric absorption lines that are
deep enough for characterization and radial velocity (RV) com-
putation (Fig. C.2). Ten of these lines are of neutral Helium
(He 1), while the three others are of singly ionized metals. The
list of observed lines is the following!!:
— three He I lines at A = 4009.26, 4026.21, 4143.76 A (line set
1 in Table C.1), .
— the ionized Carbon (C II) line at A = 4267.26 A,
— two He I lines at 4 = 4387.93 and 4471.48 IOA, and the ionized
Magnesium (Mg II) line at 4 = 4481.13 A (line set 2),
— five He I lines at 4 = 4713.17, 4921.93, 5015.68, 5875.66,
and 6678.15 A (line set 3),
— the ionized Oxygen (O I) line at A = 7774.39 A.
These absorption lines are quite shallow (with a relative depth
between 5 and 15% of the continuum) and strongly broadened,
with a typical Full Width at Half Maximum (FWHM) as large
as ~5 A (300 kms"; Fig. C.2). This is evidently caused by the
very fast rotation rate of Achernar A. These thirteen lines do
not exhibit any significant emission feature over our data set.
Many of them are commonly used to derive RV time series of
B and Be stars that are spectroscopic binaries (Wade et al. 2017,
Saad et al. 2021; Banyard et al. 2022). Other lines are also visi-
ble, suchas HeI 1 = 7065 A, CII A = 4267 A, Call 1 = 3934 A,
Sill A = 6347/73 A, Sill A = 4128/30 A and CII A = 6578/82
(visible in Fig. C.1).

C.3.2. Single-line RV data:

We first computed single-line RV times series for the thirteen
absorption lines detailed above. Each line in each stacked spec-
trum was fit (i) with a four-parameter Gaussian model, and (if)

' We used both the study by Wiese & Fuhr (2009) and the Hand-
book of Basic Atomic Spectroscopic Data (Sansonetti & Martin
2005, available online at: https://www.nist.gov/pml/
handbook-basic-atomic-spectroscopic-data) to identify
the absorption lines.


https://www.nist.gov/pml/handbook-basic-atomic-spectroscopic-data
https://www.nist.gov/pml/handbook-basic-atomic-spectroscopic-data
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Table C.1. Achernar A spectroscopic data set. The table’s left panel describe the instrument characteristics: AA refers to the spectrograph
wavelength coverage, while R refers to the spectral resolution. On the middle panel, N, refers to the total number of spectra gathered from each
spectrograph, while Nepocn refers to the number of distinct observation epochs (i.e. observation nights). The table’s right panel details the instrument
coverage of the 13 significant metallic absorption lines of Achernar A used in this study (see text).

Instrument or database AL R =21/da Nyp Nepoch | Lineset1  Lineset2  Line set3 ClI oIl
A) ) A3) 3) 5) (426726 A)  (7774A)
ESO/HARPS@ 3900 - 6800 115000 39 (19) 5 y y y y n
ESO/UVES® 3900 - 8800  ~55000 8 3 y y y y y
ESO/FEROS 3900 -8800 48000 175 (172) 44 y y y y y
OCA/BESO@ 3900 - 8000 48000 20 (9) 9 y y y y y
CTIO/CHIRON 45008000  ~130000 | 73 (68) 22 n n y n y
BeSOS/PUCHEROSY) 4250 — 7300 18000 | 457 (401) 10 n y y y n
Euler/CORALIE® 3900 - 6800 55000 1 1 y y y y n
BeSS® 4250 — 7150 10000 1 1 n y y n n

Notes. @ The High-Accuracy Radial-velocity Planet Searcher (HARPS, Pepe et al. 2002) echelle spectrograph is mounted on the 3.6m telescope
at La Silla Observatory (Chile). ® The Ultra Violet and Echelle Spectrograph (UVES, Dekker et al. 2000) is mounted on the Unitary Telescope 2
(UT2, Kueyen) at the Very Large Telescope (VLT) ESO Observatory (Paranal, Chile). © FEROS (Kaufer & Pasquini 1998) is mounted on the 2.2m
telescope at La Silla. Y The Bochum Echelle Spectrograph for OCA (BESO, Steiner et al. 2006) is mounted on the 1.5m Hexapod-Telescope at
the Observatorio Cerro Armazones (OCA, Cerro Armazones, Chile). » The CHIRON echelle spectrograph (Tokovinin et al. 2013) is mounted on
the 1.5m telescope at Cerro Tololo Interamerican Observatory (CTIO, Cerro Tololo, Chile). ¢V PUCHEROS (the Pontificia Universidad Catolica
High Echelle Resolution Optical Spectrograph, Vanzi et al. 2012) is mounted on the ESO 50-cm telescope of the Observatory UC Santa Martina
near Santiago, Chile. @ CORALIE (Queloz et al. 2001) is mounted on the Euler 1.2m telescope of the Swiss Observatory at La Silla. ® BeSS
2011-10-18 (observer: B. Heathcote). () The number in brackets refers to the number of spectra actually used for RV computation after prior

spectrum selection, if some spectra are rejected (see text).

with a five-parameter biGaussian model, that takes into account
the line asymmetry (Fig. C.2). The star shows periodic line pro-
file variability, with a pattern often described as “swaying” in the
early days. That is (one of) the periods that is also seen in pho-
tometry. While Barraza et al. (2022) consider the photometric
signature ambiguous, Rivinius et al. (2003) ascribe the accom-
panying spectroscopic signature to pulsation. The fitting process
and parameters for both models are detailed in Borgniet et al.
(2019). From each model, we thus obtain a RV time series,
as well as a time series of the (biGaussian) line asymmetry as
defined by Nardetto et al. (2006). The RV data generally exhibit
a large dispersion (from 10 to 15kms™! for the Gaussian RVs,
and from 15 to 60km s~ for the biGaussian RVs, respectively).
The RV uncertainties computed within the line fits are typically
on the order of 1 kms~!. Significantly, the line asymmetry some-
times also exhibits very large values, thereby impacting the cor-
responding RV data (Fig. C.3, lower panel) and contributing to
further hide the companion-induced Doppler shift. Moreover,
some of the absorption lines are not covered by all instruments,
depending on the spectrograph wavelength range (see Fig. C.3,
upper panel, and Table C.1). Crucially, the five bluest He I lines
(line sets 1 and 2), that are generally the deepest lines and thus
best-suited for a more precise RV computation (Fig. C.2), are not
covered by CHIRON at the expected time of the companion pas-
sage at periastron. All these factors make it unrealistic to detect
the companion-induced Doppler shift in single-line RV data.

C.3.3. Cross-correlation RV data:

We then combined the RV information from several of the pho-
tospheric lines at once by resorting to the commonly used cross-
correlation function (CCF) framework (see, e.g., Borgniet et al.
2019) to achieve a better RV accuracy. To that end, we built sev-
eral binary templates including different combinations of some
of the thirteen lines from Table C.1. Each binary template con-
sisted in a set of boxcar functions with a value of one over
the wavelength ranges corresponding to the selected absorp-

tion lines, and zero elsewhere. Instead of having a box width
of one pixel, we adopted a larger box width around the line
rest wavelength (with a total box width of 0.25 10\), similarly to
the approach detailed by Borgniet et al. (2019). This allows to
reduce both the noise in the wings of the resulting CCF pro-
file, and the line-induced asymmetry of the CCF core. We cross-
correlated each template with our Achernar stacked spectra over
a wide RV range chosen to fully cover the CCF peak: from —600
to 600 kms™!, with a 5kms~! step. The resulting CCFs are typi-
cally very broad, and differ significantly from a Gaussian due to
their “flattened” core (Fig. C.4, top left panel). For this reason,
we decided to fit the CCFs with a Generalized Normal Func-
tion (GND) instead of a classical Gaussian model, as done and
detailed by Heitzmann et al. (2021) for young, active stars.

Our first cross-correlation template included the five red-
dest He I lines (line set 3 in Table C.1), that are the only lines
to be covered by all spectrographs in our data set. We display
the resulting RV in Fig. C.4 (upper right panel). Prior to 2013,
the RV data exhibit a ~6kms~! dispersion with values mostly
between 0 and 20 kms™!. The late 2015 CHIRON RV data dis-
play the same characteristics, but are slightly redshifted com-
pared to the RV prior 2013 (quite similarly to the Ha V/R ratio).
However, the intermediate RV data (mostly the PUCHEROS RV
and the second FEROS data set) exhibit a much higher disper-
sion (~14kms™") and are significantly redshifted. We attribute
the FEROS RV shift and increased dispersion to the strong asym-
metry exhibited by some of the He I lines included in the tem-
plate during this period (mostly 14921.93 and 15015.68 A, see
Fig. C.3, lower panel). This also corresponds to the start of the
second observed Be phase.

Consequently, we selected for our second template the six
less asymmetric He I lines, i.e. that do not show a sudden
increase in asymmetry at a given period. This includes the three
bluest lines from line set 1, plus 14471.48 A from line set 2,
and 15875.66 and 16678.15 A only from line set 3. The result-
ing RV are not redshifted anymore over the 2013-2014 period,
although the RV dispersion is still increased by a factor ~2 over
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Fig. C.1. Variability of Achernar in the Ha line. The Ha line is displayed in the top left panel for the two cases: the emission, Be phase (2006
FEROS spectrum, upper black), and the quiescent, B phase (2003 HARPS spectrum, lower gray, flux-shifted for clarity). Empiric line models are
displayed as the red and blue curves, respectively (see text). The three other panels display the time series of the observables derived from the
He line modeling (from left to right and top to bottom): the E/C ratio, the H, line RV, and the V/R ratio. At the bottom of each panel, observed
emission and quiescent phases are highlighted in red and gray, respectively. The periastron passages at epochs 2008.78 and 2015.81 are marked
with green vertical lines. Open blue circles represent data values averaged over large time intervals, highlighted in blue or white in the background.

this period (Fig. C.4, lower left panel). However, the late CHI-
RON RV are now significantly redshifted (by ~10kms~') com-
pared to the prior data. Although it could be tempting to deem
this CHIRON data redshift the result of the companion passage
at periastron, we attribute it to the fact that only the two reddest
lines selected in the template contribute to the CHIRON RV data,
while the prior RV result from the contribution of more or all of
the six template lines.

Finally, we tried to reconcile the advantages of the two pre-
vious templates by considering only the two reddest He I lines
(A15875.66 and 16678.15 A) for our third template. These two
lines are the only ones that are both covered by all spectro-
graphs and that do not exhibit too much asymmetry. The result-
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ing RV are displayed in Fig. C.4, lower right panel. While
the 2013-2014 RV data still exhibit a higher dispersion than
the prior RV, they do not show a significant redshift in aver-
age anymore. The 2015-2016 CHIRON RV are now only very
slightly redshifted (in average) compared to the prior RV data.
This may or may not be the result of the companion-induced
Doppler shift. We consider this final RV data set to be the
more adequate for an orbital model fitting. For all three cross-
correlation templates, individual GND RV uncertainties are
on the order of 1kms™. The resulting spectroscopic radial
velocity measurements are listed in Table C.2, and they cor-
respond to the velocities used for the orbital fit (Sect. 3.2;
Fig. 10).
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Fig. C.2. Significant photospheric absorption lines of Achernar A, taken from a 2006 FEROS stacked spectrum (see text). For each displayed line,
the stacked spectrum is displayed in black, a Gaussian fit of the line is displayed as a red solid curve, and a biGaussian fit of the line is displayed
as a blue dashed curve. The vertical axis is the ratio of the flux to the continuum, and the horizontal axes the wavelength in A.
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Fig. C.3. Single-line radial velocity data of Achernar A. The data are displayed for two lines: the He I 1 = 4009.26 A (top row), and the
He I =5015.68 A (bottom row), respectively. On each row are displayed from left to right: the Gaussian RVs, the biGaussian RVs, and the line
asymmetry as measured within the biGaussian line model (see text). Each spectrograph is color- and symbol-coded (e.g., HARPS/UVES: black/red
circles, FEROS: gray stars, BESO/PUCHEROS: purple/cyan triangles, CHIRON/CORALIE: orange/green diamonds, BeSS: yellow square).
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Fig. C.4. Radial velocity of Achernar A from the cross correlation technique. Top left: a CCF profile of Achernar A, built from a CHIRON stacked
spectrum cross-correlated with a binary template including the five reddest He I lines (line set 3), and fit with a generalized normal distribution
(GND, see text). Other panels: resulting RV time series from the same five-line binary template (top right), from a binary template including the
six less asymmetric He I lines (bottom left), and from a binary template including only the two He I lines common to both previous templates
(bottom right), respectively.
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Table C.2. Radial velocity of Achernar A. Table C.2. continued.
Date MJD Instrument RV o Date MJID Instrument RV o
(km/s)  (km/s) (km/s)  (km/s)

2003-11-06 52949.1351 HARPS 429  0.89 2014-02-20  56708.9962 FEROS 1723 141
2003-12-30  53003.0411 HARPS 5.26 1.31 2014-02-21  56709.9976  FEROS 49.64  1.58
2003-12-31 53004.0536 HARPS 6.78 1.20 2014-02-22 56710.9969  FEROS -5.06  1.28
2004-09-13  53261.3969 HARPS 6.81 0.87 2014-02-23 567119912 FEROS 956 133
2004-10-31  53309.2992 HARPS 14.83 1.07 2014-02-24  56712.9851  FEROS 168  1.08
2015-06-25 57198.3478 CORALIE  -6.05 1.16 2014-02-25  56713.9921  FEROS 2507 144
2011-10-18 55852.4931 BeSS 9.75 1.86 2009-07-07  55019.4037  BESO 2265 145
2002-06-01 52426.4496 UVES 8.57 1.50 2009-08-10  55053.3692 BESO 1655  1.51
2004-06-28 53184.3915 UVES 1535 0.87 2009-08-26  55069.2857  BESO 3.60 148
2004-06-29 53185.3605 UVES 4.59 1.19 2009-11-04  55139.1535  BESO 508  1.82
2006-06-05 53891.3289 FEROS 10.99 1.55 2011-09-24  55828.1306  BESO 10.86  1.87
2006-06-06  53892.3971 FEROS 29.41 1.58 2011-10-01  55835.1813  BESO 17.28  1.04
2006-06-14 53900.4326 FEROS 1.80 1.11 2011-10-25  55859.0970  BESO 452 159
2006-07-02  53918.4192 FEROS 899 090 2012-07-16  56124.3491  BESO 932 143
2006-07-21  53937.2450 FEROS 992 0.83 2013-08-01 565052947  BESO 505 1.24
2006-08-10 53957.2805 FEROS 379 093 2012-11-13  56244.1555 PUCHEROS  37.79  1.61
2006-08-27 53974.4215 FEROS 922 1.09 2012-11-14  56245.0632 PUCHEROS  27.74  1.44
2006-09-08 53986.3004 FEROS 12.81 078 2012-11-15 56246.1428 PUCHEROS 2442  2.29
2006-09-14 53992.0732 FEROS 11.37 1.03 2013-01-18  56310.1090 PUCHEROS  36.66  2.34
2006-09-18 53996.3182 FEROS -0.59 0.90 2013-07-24  56497.3180 PUCHEROS  23.86  1.48
2006-12-11 54080.0443 FEROS 7.14 1.27 2013-07-25 56498.3135 PUCHEROS 2698  2.04
2013-09-06 56541.2948 FEROS 8.68 1.40 2013-10-29  56594.1605 PUCHEROS 249 212
2013-09-07 56542.3936 FEROS 19.51 3.09 2014-01-29  56686.0584 PUCHEROS 241 240
2013-09-08 56543.3207 FEROS 21.73 1.45 2014-01-30  56687.0713 PUCHEROS  34.69  1.89
2013-09-09 56544.3869 FEROS 1.87 0.96 2014-01-31  56688.0451 PUCHEROS  72.00  2.89
2013-09-13 56548.2309 FEROS 1.52 1.07 2015-08-15  57249.3968 CHIRON 1568 093
2013-09-15 56550.1783 FEROS 11.10 0.93 2015-08-17  57251.4446 CHIRON 1297 095
2013-09-16  56551.3214 FEROS 20.13  1.04 2015-08-18 ~ 57252.4188  CHIRON 6.72 113
2013-09-17 56552.1839 FEROS -1.87 0.96 2015-09-01  57266.1840 CHIRON 19.63  1.26
2013-12-05 56631.1612 FEROS 13.48 1.66 2015-09-18 572833084  CHIRON 943 114
2013-12-06 56632.0942 FEROS 2.28 1.78 2015-09-26  57291.1585 CHIRON 10.08 1.52
2013-12-07 56633.1781 FEROS -9.98 1.72 2015-09-27  57292.1931 CHIRON 959 1.01
2013-12-10 56636.1613 FEROS 5.19 1.30 2015-10-03  57298.3221 CHIRON 27.60  2.01
2013-12-11 56637.2017 FEROS 0.51 1.41 2015-10-04  57299.2363 CHIRON 2342 132
2014-01-05 56662.1193 FEROS 19.46 1.79 2015-10-08  57303.2824 CHIRON 26.01 1.29
2014-01-06 56663.0505 FEROS 12.78 298 2015-10-13  57308.1616 CHIRON 16.08  0.85
2014-01-29 56686.0648 FEROS 349  1.88 2015-10-24  57319.1371 CHIRON 19.57  1.08
2014-01-30 56687.1305 FEROS 27.18  2.46 2015-10-29  57324.2545 CHIRON 2077  1.24
2014-01-31 56688.0347 FEROS 45.52 1.79 2015-11-06 ~ 57332.1485  CHIRON 7.11 1.14
2014-02-10 56698.1147 FEROS 29.40 1.43 2015-12-04  57360.0806 CHIRON 19.31 1.78
2014-02-11  56699.0005 FEROS 336 091 2015-12-18  57374.0530 CHIRON 17.87 117
2014-02-13  56701.0023 FEROS 28.81 1.19 2015-12-24  57380.0573  CHIRON 557 137
2014-02-13 56701.9942 FEROS 9.99 1.34 2016-01-02  57389.0557 CHIRON 1824  1.26
2014-02-15 56703.0054 FEROS -7.10 1.93 2016-01-14  57401.0938 CHIRON 10.69  1.67
2014-02-16 56704.0040 FEROS 025 093 2016-01-16  57403.0599 CHIRON 19.52 1.41
2014-02-16 56704.9969 FEROS 19.05 0.90 2016-01-19  57406.0564 CHIRON 19.49 235
2014-02-18 56706.0051 FEROS 39.10 1.36 2016-01-20  57407.0401 CHIRON 21.50  2.88
2014-02-19 56707.9944 FEROS 9.65 2.12
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