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ABSTRACT

We study a sample of 16 bright and well-resolved late-type stars (10 O-rich giants, 2 red
supergiants, and 4 C-rich giants) using the ESO VLTI/AMBER facility at medium resolution
(Z = 1500) in the K band to detect and measure the deviation from centrosymmetry of their
resolved surface brightness distribution. As indicator for departure from centrosymmetry, we
use the centrosymmetry parameter (CSP). We observe that CSP increases along the asymptotic
giant branch, reaching values as large as 30°. These large CSP values are likely attributable
to a few large photospheric convective cells. Carbon stars like W Ori and R Scl, being close
to the AGB tip, have the second largest CSP values (1726 and 2223, respectively), being
only surpassed by the M5.5Ib/II supergiant T Cet (with CSP of 3024). For K and early M
giants, CSP values are smaller, never exceeding 10°, with a clear tendency to increase with the
atmospheric pressure scaleheight. This supports the hypothesis that the observed deviations
from centrosymmetry are somehow related to convective cells, whose size depends upon the
atmospheric pressure scaleheight.

Key words: methods: data analysis —techniques: interferometric —stars: atmospheres — stars:

fundamental parameters — stars: late-type.

1 INTRODUCTION

Many high-angular resolution observations of evolved stars have
shown departure from centrosymmetry of their photospheres (e.g.
Wilson et al. 1992; Tuthill, Haniff & Baldwin 1997, 1999; Hofmann
et al. 2000; Thompson, Creech-Eakman & Akeson 2002; Ragland
et al. 2006; Weiner et al. 2006; Woodruff et al. 2008; Kervella et al.
2009; Ohnaka et al. 2009, 2011; Wittkowski et al. 2011, 2012; Pal-
adini et al. 2012; van Belle et al. 2013). Three-dimensional (3D)
radiation hydrodynamics (RHD) simulations carried out with the
coSsoLp! code (Freytag et al. 2012) for asymptotic giant branch
stars (AGBs; Freytag & Hofner 2008) and red supergiants (RSGs;
Chiavassa et al. 2011b) reveal that large convective cells produce
patterns at the apparent stellar surface (more noticeable in the in-
frared than in the visible) with a typical size comparable to the
stellar radius, and evolving on a time-scale of years. On top of these

* Based on observations made with ESO telescopes at the Paranal Observa-
tory under Belgian VISA Guaranteed Time programme ID 083.D-029(A/B),
084.D-0131(A/B), 086.D-0067(A/B/C).

1 E-mail: pierre.cruzalebes @oca.eu

! Acronym of COnservative COde for the COmputation of COmpressible
COnvection in a BOx of L Dimensions with1 = 2, 3.

© 2014 The Authors

cells, small convective structures (most conspicuous in the visible),
with a size of about 5-10 per cent of the stellar radius, evolve on
time-scales of weeks to months. The latter features result from the
opacity variation and the gas dynamics at optical depths smaller
than unity, i.e. farther up in the atmosphere with respect to the
continuum-forming region (Chiavassa et al. 2011a). In Chiavassa
etal. (2009), different reasons were pointed out for the peculiar con-
vective pattern: (i) in RSGs, most of the downdrafts will not grow
fast enough to reach any significant depth before they are swept
into the existing deep and strong downdrafts enhancing the strength
of neighbouring downdrafts; (ii) radiative effects and smoothing
of small fluctuations could matter; (iii) sphericity effects and/or
numerical resolution (or lack of it).

Thus, the large photospheric convective cells predicted by these
3D RHD simulations must generate surface brightness asymme-
tries (SBAs), which are responsible for the observed deviations
from centrosymmetry. For less-evolved K and M giants, 3D RHD
simulations predict a convective granulation made out of smaller
cells, whose size is related to the atmospheric pressure scaleheight
(Freytag 2001; Svensson & Ludwig 2005).

The goal of the present study is to go a step further in the in-
vestigation of the properties of stellar surface convection. We track
the onset and properties of the deviation from centrosymmetry, in
connection with the location of the star in the Hertzsprung—Russell
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diagram (HRD; Section 3). Since the 3D RHD simulations predict a
strong sensitivity of SBAs to the atmospheric pressure scaleheight,
which controls the size of the convective cells, we search for a
possible connection between deviation from centrosymmetry and
atmospheric pressure scaleheight in Section 4. Finally, we find that
supergiants and C-rich AGB stars have the largest CSP values.

To achieve our research goals, we acquired VLTI/AMBER mea-
surements in the medium-resolution K band (MR-K) for a sample of
16 well-resolved late-type stars scattered across the upper right of
the HRD (10 O-rich giants, 2 RSGs, and 4 C-rich giants; Section 2).

If not based on direct imaging, the detection of SBAs usually
relies on the so-called triple product, involving complex visibili-
ties from interferometric observations using simultaneously three
apertures. To characterize the asymmetry of the source morphology
with a single indicator, we use the centrosymmetry parameter (CSP)
based on a sum, spanning the observation spectral band, of absolute
values of the imaginary part of the triple product (Cruzalebes et al.
2013a, 2014). With such a definition, a null CSP can only occur
if the triple product is identically null all over the spectral band
considered, i.e. if there is no deviation from centrosymmetry at any
wavelength.> We refer the reader to our previous paper in this series
(Cruzalebes et al. 2014) for a detailed study about how CSP behaves
under specific circumstances, like a stellar surface covered by a few
convective spots, a tidally deformed (pear-shaped) stellar disc or
a resolved binary star. This former study concludes that the CSP
parameter has no power to specifically distinguish between these
various models, but is excellent at raising the flag of SBAs.

The use of an indicator like CSP will be an essential tool in future
searches for asymmetries using archive data for sample of objects
observed with limited uv-coverage, thus allowing no reliable image
reconstruction. We think that CSP could be also used to identify
asymmetric targets when dealing with snapshot surveys.

Finally, it should be stressed that this paper only presents a global
analysis of the collected material. Discussion on individual targets
will be submitted as separate forthcoming papers.

The results and graphical outputs presented in the paper have
been obtained using the modular software suite SPIDAST,” created
to calibrate spectro-interferometric measurements and to interpret
them by using chromatic models (Cruzalebes, Spang & Sacuto
2008; Cruzalebes et al. 2010, 2013a).

Throughout this paper, uncertainties are reported using the con-
cise notation, according to the recommendation of the Joint Com-
mittee for Guides in Metrology (JCGM-WG1 2008). The number
between parentheses is the numerical value of the standard uncer-
tainty referred to the associated last digits of the quoted result. For
instance, a value denoted ‘38.6(36)’ means ‘38.6 4= 3.6’. In the same
way, a value denoted ‘38.60(36)” means ‘38.60 £ 0.36’.

2 INTRODUCING THE OBSERVATIONS

2.1 Selecting the science targets for the programme

The sample contains red giants, supergiants, and long-period vari-
ables, bright enough (mx < 2) to be measured by the VLTI subarray
(1.80 m auxiliary telescopes) with high signal-to-noise ratio (SNR).

2 We leave aside the obvious situation where the star is too far away for the
stellar surface to be resolved by the interferometer so that it appears as point
like, giving naturally a null CSP what prevents to detect any deviation from
centrosymmetry.

3 Acronym of SPectro-Interferometric Data Analysis Software Tool.
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On one hand, the scientific targets must be resolved well enough,
which results in visibilities clearly smaller than unity. On the other
hand, too small visibilities prevent the fringe-tracking system from
working under optimal conditions, producing poor-quality data sets
(caused by ill-stabilized fringes). Applying these two contradictory
constraints to the AMBER instrument operating in the K band, with
baseline lengths up to 100 m, leads to choose resolved scientific
targets with approximately the same expected angular diameter of
10 mas (i.e. about twice the angular resolution of the interferome-
ter). Under such circumstances, our targets should be easily resolved
by the interferometer, so that any deviation from centrosymmetry
should be revealed by a non-zero value of the CSP parameter (see
footnote 2).

2.2 Observation logbook

16 cool stars (10 O-rich giants, 2 RSGs, and 4 C-rich giants) were
observed in 2009 May (three nights), 2009 August (two nights),
2009 November (three nights), 2010 March (three nights), and 2010
December (four nights), using the AMBER instrument at the focus
of the ESO/VLTI, with three auxiliary telescopes. All observations
(their logbook is provided in Table 1) were done using the MR-K
spectral configuration (about 500 spectral channels with Z = 1500)
centred at A = 2.3 um. All details regarding data reduction and
calibration (using the spiDAST software) can be found in Cruzalebes
etal. (2013a). The angular diameters of the targets have been derived
in Cruzalebes et al. (2013b) by using centre-to-limb profiles from
MARCS (Gustafsson et al. 2008) and TURBOSPECTRUM (Alvarez & Plez
1998; Plez 2012) to fit the visibility measurements. For the sake of
completeness, these angular diameters are repeated in Table 2.

Since the goal of our study is to discriminate between centrosym-
metric and non-centrosymmetric brightness distributions, in our
observation strategy we have gathered measurements obtained with
different baseline orientations, so as to be sensitive to the azimuthal
variation of the brightness distribution (see Fig. 1).

2.3 Definition of CSP

The CSP parameter used to characterize the deviation from cen-
trosymmetry has been introduced in Cruzalebes et al. (2013a) and
studied in detail in Cruzalebes et al. (2014). It is defined as

S22 18 T3 01 da

sin (CSP) = == ,
2| T3 )] da

)

where 7,3 is the triple product measured for a given baseline triplet.
We recall that a small CSP value corresponds to a centrosymmetric
brightness distribution, and that, conversely, a CSP value clearly
departing from zero degree (taking into account the uncertainty)
indicates a brightness distribution deviating from centrosymmetry.
Moreover, using numerical simulations with a simple spot model,
we showed (in section 2.4 of Cruzalebes et al. 2014) that for a
given geometric configuration of the spot, CSP is not very sensitive
to the photometric contrast between the spot and the stellar disc
(at least for interferometric observations not probing beyond the
second lobe).

Fig. 2 shows the spectral distributions of the real and imaginary
parts of J)y3, for seven individual observing blocks (OBs) asso-
ciated with various scientific targets. The ‘spectral mean’ quoted
above each panel corresponds to the spectral average of the dis-
played quantity over the whole spectral band. For the panels at
left, it thus equals sin (CSP). Several stars exhibit sharp and deep
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Table 1. Logbook of the observations. Column 2: Modified
Julian Date of the observation (MJD = JD-2 400 000.5);
column 3: number of OBs; column 4: calibrator used; column
5: VLTI subarray configuration; column 6: mean seeing angle
(in arcsecond).

Name MJD NOB Calib. Config. )
o Car 551422 2 n Col DOHOKO 2.2
55143.4 2 n Col DOHOKO 0.8
551443 1 n Col DOHOKO 1.2
55268.1 1 n Col DOHOKO 1.2
55270.1 2 n Col HOKO0G1 0.9
B Cet 55539.1 1 n Cet DOIIGI 0.7
55540.1 1 n Cet DOIITHO 0.8
55542.1 1 n Cet KOI1G1 1.1
55543.1 2 n Cet KOITAO 1.2
o TrA 54975.3 2 e TrA HODOAO 0.6
54976.1 2 e TrA HODOAO 0.8
54977.2 1 e TrA HODOAO 0.8
55051.1 1 o Sgr HODOAO 1.1
55053.1 2 e TrA HODOAO 1.1
55268.3 3 e TrA DOHOKO 24
55269.3 1 & TrA DOHOKO 1.8
55270.3 3 & TrA HOKOG1 0.5
o Hya 55268.2 3 A Hya DOHOKO 1.9
55270.3 2 A Hya HOKOG1 0.7
¢ Ara 54975.4 1 e TrA HODOAO 0.6
54976.1 2 & TrA HODOAO 0.9
54977.1 2 e TrA HODOAO 0.7
55053.2 2 & TrA HODOAO 1.2
8 Oph 54975.2 2 y Lib HODOAO 0.6
54976.2 1 y Lib HODOAO 0.7
54977.2 1 y Lib HODOAO 0.8
55051.0 3 y Lib HODOAO 0.8
55053.0 1 y Lib HODOAO 1.6
55269.4 2 y Lib DOHOKO 1.9
55270.4 1 y Lib HOKOG1 0.7
y Hyi 55539.3 1 o Ret DOHOIl 0.5
55540.3 1 a Ret DOGII1 0.5
01 Ori 55144.2 1 HR 2411 DOHOKO 1.1
o Lib 55268.4 1 51 Hya DOHOKO 3.1
55269.2 1 51 Hya DOHOKO 1.3
y Ret 55539.3 2 a Ret DOHOIl 0.9
55540.3 3 o Ret DOGII1 0.6
CE Tau 551433 3 @2 Ori DOHOKO 0.8
55539.1 6 @2 Ori DOIIGl 0.7
55540.1 2 @2 Ori DOIITHO 0.8
55540.2 4 @2 Ori DOIIGl 0.8
55542.3 2 @2 Ori GIIIAO0 1.7
55543.2 1 @2 Ori KOITAO 0.7
55543.2 1 @2 Ori GIIIAO0 0.6
555433 1 @2 Ori KOIlIGl 09
555433 1 @2 Ori KOITAO 1.5
555433 1 @2 Ori GII1IA0 1.5
T Cet 55142.1 2 y Scl DOHOKO 1.5
55142.2 1 ¢ Eri DOHOKO 2.3
55143.1 1 y Scl DOHOKO 0.7
55144.0 3 y Scl DOHOKO 0.8
TX Psc  55142.0 2 0 Psc DOHOKO 1.1
55143.1 2 0 Psc DOHOKO 0.8

Departure from centrosymmetry of red giants and supergiants 3279

Table 1. — continued

Name MID NOB Calib. Config. )
55144.1 2 0 Psc DOHOKO 0.9
55539.0 2 0 Psc DOIIGl 0.7
55540.0 1 0 Psc DOITHO 0.9
55540.1 1 0 Psc HOI1G1 1.0
55542.1 1 0 Psc KOI1G1 1.2
55543.0 1 0 Psc KOI1G1 1.4
55543.1 1 0 Psc KOITAO 1.3
W Ori 55143.2 3 @2 Ori DOHOKO 0.7
55144.2 1 @2 Ori DOHOKO 0.8
55270.1 1 HR 2113  HOKOG1 0.6

R Scl 55143.0 4 t Eri DOHOKO 0.7
55144.1 1 t Bri DOHOKO 0.6

TW Oph  54975.4 2 o Sgr HODOAO 0.8
54976.2 1 y Lib HODOAO 0.7
54977.2 2 y Lib HODOAO 0.8
54977.3 1 o Sgr HODOAO 0.8
55051.2 1 o Sgr HODOAO 1.1
55053.2 1 o Sgr HODOAO 1.1

Table 2. Mean CSP (last column, in degree), ob-
tained by weighted averages over the OBs. The
third column labelled ¢ gives the angular diam-
eter (in milliarcsecond) from Cruzalebes et al.

(2013b).

Name Sp. type ¢ CSP
a Car FOIT 6.92(11) 1.1(5)
B Cet KoII 5.51(25) 1.3(3)
a TrA K21 9.24(2) 2.5(6)
a Hya K3II-11I 9.36(6) 2.2(9)
¢ Ara K311 7.09(12) 1.4(2)
8 Oph MO.5111 9.93(9) 1.3(5)
y Hyi M2111 8.79(9) 3.7(12)
01 Ori M3III 9.78(10) 8.1(8)
o Lib M3.5111 11.33(10) 5.1(2)
y Ret M4IIT 7.44(2) 9.1(16)
CE Tau M2Iab-b 9.97(8) 5.309)
T Cet MS5.51b/1T 9.70(8) 30.4(17)
TX Psc C7,2 10.23(36)  11.2(35)
W Ori C5.4 9.63(4) 17.6(45)
R Scl C6,5ea 10.06(5)  22.3(67)
TW Oph C5,5 9.46(30) 3.1(5)

variations beyond 2.3 pm (likely to trace the effects of the CO spec-
tral bands). One may wonder what impact these spectral features
have on the final CSP value. To answer that question, we selected the
star T Cet for which the CO bands are the strongest. The CSP for T
Cet from the specific OB displayed in Fig. 2 amounts to 28° £ 1°with
the integration (equation 1) spanning the whole spectral band (thus
including the CO bands), as compared to 30° =+ 1°when the inte-
gration does not go beyond 2.3 um (thus excluding the CO bands).
The effect is thus small (even for this extreme case), and this could
be expected since CSP is an integrated property, thus smoothing
away local variations like those linked to the CO bands. On a more
physical standpoint, it is nevertheless interesting to realize that the
CO bands manifest themselves in the triple product, in the sense
of reducing the deviations from centrosymmetry. This is especially
noteworthy for R Scl, where the imaginary part of the triple product

MNRAS 446, 3277-3284 (2015)
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Figure 1. Global (u,v) coverage obtained with all observations, for each

scientific target.

stays close to zero in the whole spectral region covered with CO
bands.

The final set of CSP values is given in the last column of
Table 2. They are computed by using the weighted sum over the
OBs, with weights given by the squared inverse of the individual
uncertainties. The final uncertainty is derived from the variance of
the bootstrapped distribution of the weighted means, obtained by
random sampling with replacement of the individual CSP values
with their associated uncertainties (direct-bootstrap method; Efron
& Tibshirani 1993). In case of a too small number of available OBs,
the bootstrap method cannot be used, and the final uncertainty is
given by the standard deviation of the weighted mean, as given by
Galassi et al. (2009).

Using the same criterion as the one used by Ragland et al. (20006),
based on the closure phase in the H band as indicator for asymme-
try, we consider as meaningful a final CSP value greater than twice
its uncertainty (SNR > 2). Thus, we note that all targets of our
sample present various levels of departure (though all being sig-
nificant): marginal departure (CSP < 5°) for « Car, 8 Cet, o TrA,
o Hya, ¢ Ara, § Oph, y Hyi, and TW Oph; moderate suspicion
(5° < CSP < 10°) for 0; Ori, o Lib, y Ret, and CE Tau; and clear
departure (CSP > 10°) for T Cet, TX Psc, W Ori, and R Scl.

3 HERTZSPRUNG-RUSSELL DIAGRAM (HRD)

In this section, we use the values of the fundamental parameters of
our science targets reported in Table 3, to confront their final CSP
values with their location in the HRD.

Fig. 3 shows the resulting temperature—luminosity diagrams, for
the targets included in our sample. The left-hand panel shows the
error bars for the science targets (named, drawn in blue), and for the
calibrators (unnamed, green crosses). In order to prevent vertical
bars to overlap and to degrade the information, the location of R
Scl, W Ori, and TW Oph have been slightly shifted horizontally,
although these three carbon stars have the same effective tempera-
ture of 2600 K. The right-hand panel shows the CSP values for the
science targets as (blue) squares. Their size increases proportionally

MNRAS 446, 3277-3284 (2015)

to log (CSP) (not proportionally to CSP, for graphical convenience):
the stars with brightness distributions far from centrosymmetry are
associated with large squares. These two HRDs also display evolu-
tionary tracks from the Padova set (Bertelli et al. 2008, 2009), for
Y=0.26 and Z=0.017, and for masses between 1 and 8 M, (Y is
the helium abundance, and Z the metallicity).

The right-hand panel of Fig. 3 shows that the stars with the
largest asymmetries, i.e. with high final CSP values, are located
in the upper-right corner of the HRD. This region is occupied by
the stars with the largest radii and Fig. 4 shows a tendency for
CSP to increase with R (the Rosseland radius reported in Table 3).
Although a number of relations could go through the points in the
log R—log (CSP) diagram, a linear fit is shown to fix the ideas, not
assuming any physical relevance.

To anticipate the reader’s preference, the same data set is
presented in a slightly different way in Fig. 5, displaying the
temperature—gravity diagram (using the values of Table 3), with
the sizes of the (blue) squares still proportional to log (CSP). This
diagram shows more clearly than in the HRD that the value of CSP
increases with decreasing T.¢ and log g: cool supergiants exhibit a
higher degree of asymmetry than hotter giants. It also exhibits two
groups of targets which can be easily separated according to their
temperature and surface gravity:

(I) Stars with hot (T 2 4000K) and compact (logg = 1) at-
mospheres (included in the bottom-left box of Fig. 5). This group
contains all our calibrators, as well as the first five science targets
of Table 2. These latter exhibit small CSP values (<2°5).

(1) Stars with cool (Ter < 4000K) and diluted (logg < 1) at-
mospheres (included in the upper-right box). This group contains
the other science targets. Except for § Oph (7eir = 3650 &+ 50 K,
with log g = 0.93 % 0.12, very close to unity, taking into account
the error bar), they exhibit somewhat large CSP values (>3°7).

The transition between the two groups of stars occurs around
log g ~ 1, and as a matter of fact, this value corresponds to a tran-
sition encountered as well in the 3D RHD simulations of Chiavassa
et al. (2011a). In the RSG/AGB configuration (logg < 1), only
a few large convective cells cover the stellar disc, whereas in the
giant-star configuration (log g > 1), the stellar disc is covered by a
large number of small convective cells.

Schwarzschild (1975) argued that the atmospheric pressure scale-
height Hp drives the characteristic scale of convection. At least for
red giants with 2 < log g < 4 and 4000 < T.(K) < 6000, this pre-
diction has been confirmed from the observations of ~1000 such
stars by the Kepler Observatory (Mathur et al. 2011), with the con-
clusion that the typical size of the convective cells is proportional to
‘Hp. In the next section, we study therefore the possible correlation
between CSP and Hp.

4 DEVIATION FROM CENTROSYMMETRY
AND PRESSURE SCALEHEIGHT

3D RHD simulations predict that the photosphere of red giants and
supergiants are covered by convective cells (Chiavassa et al. 2010).
Freytag (2001) found that the size of these cells is related to Hp,
defined as
T.
Hp ~ =%, )
8
according to the simplified definition adopted by Chiavassa et al.
(2010). The last column of Table 3 gives the values of Hp
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Figure 2. Spectral variation of the complex triple product, for seven different OBs obtained with seven science targets. Left-hand panels: absolute value of
the imaginary part of the triple product, divided by the spectral average of the modulus. Right-hand panels: absolute value of the real part of the triple product,

divided by the spectral average of the modulus.

derived from the fundamental parameters taken from Cruzalebes
et al. (2013b).

Since the convective cells induce surface inhomogeneities, and
thus contribute to the global deviation from centrosymmetry, we
study the possible correlation between CSP and Hp. Fig. 6 shows
CSP with respect to Hp: left-hand panel, for the five science
targets with hot and compact atmospheres (group I); right-hand
panel, for the 11 science targets with cool and diluted atmospheres
(group II). The transition between the two groups of stars oc-
curs for log Hp ~ 2.5-2.6, in agreement with the transition value
log Hp = 2.57 found for the transition from the giant star models
to the RSG/AGB models (fig. 17 of Chiavassa et al. 2011a). In
their study of the convective-cell pattern on the surface of RSGs,
these authors have investigated the relation between Hp and the
photocentre motion due to the temporal evolution of the convective
pattern (denoted o P in their paper).

Here, we follow a similar approach, but using CSP instead of the
photocentre motion. Since the two quantities bear some physical
relationship with convection, we use the same analytical forms as the
ones used by Chiavassa et al. (2011a) between log o P and log Hp,

namely a linear relation for stars of group I, and an exponential law
for stars of group II (with parameters deduced from least-squares
fitting). These relations, along with their analytical expressions, are
given in the caption of Fig. 6.

For stars of group I, we find an acceptable linear relationship,
albeit with a very small slope, indicating that the link between CSP
and Hp is weak for these stars. For stars of group II, different
functional relationships could be used. We chose an exponential
as Chiavassa et al. (2011a) arbitrary did for stars of group II, in
the aim to fit the transition region between the giant star and the
RSG/AGB star model points in the log Hp—log o P diagram, given
by the 3D RHD simulation. In any case, Fig. 6 reveals that targets
(group II) with their surface covered by a small number of large
cells present higher departure from centrosymmetry (hence larger
final CSP values) than targets (group I) with many more smaller
cells.

For the sake of comparison of group II targets with theory, the
final CSP values for two 3D RHD simulations computed with the
co5BoLp code (Freytag & Hofner 2008; Chiavassa et al. 2011b)
are added to the right-hand panel of Fig. 6. The first simulation
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Table 3. Fundamental parameters of the science targets (first part from top), of the calibrators (second part),
from Cruzalebes et al. (2013b). The bottom part gives the fundamental parameters of the two 3D RHD
simulations used in this paper: from Chiavassa et al. (2009) for the RSG/AGB model; from Freytag & Hofner
(2008) for the AGB model.

Name R4 log Teii? log L€ Mol M€ log gf log Hp?
a Car 71(4) 3.845(6)  4.03(5)  —534(13)  8.0(3)  1.64(5) 2.20(5)
B Cet 17.509)  3.668(9)  221(6)  —0.54(14) 3.03)  243(6) 1.24(6)
o TrA 1192)  3.638(10)  3.66(4)  —441(11) 7505  1.16(3) 2.48(3)
o Hya 55.7(7)  3.633(10)  2.98(4)  —2.71(10)  4.5(5)  1.60(5) 2.04(5)
¢ Ara 1144)  3.628(10)  3.58(5)  —421(12) 7505  1.204) 2.43(4)
8 Oph 56.0(7)  3.562(12)  2.70(5)  —2.01(12) 1.03)  0.93(12)  2.64(12)
y Hyi 62.008)  3.544(12)  271(5)  -2.05(13) 1.03)  0.84(12)  2.71(12)
o1 Ori 214(29)  3.538(13)  3.76(13)  —4.65(31)  3.5(5)  0.32(13)  3.21(13)
o Lib 108(3)  3.538(13)  3.17(5)  -3.18(14) 1.83)  0.61(7) 2.93(7)
¥ Ret 1152)  3.538(13)  3.23(5)  —333(13) 1.83)  0.55(6) 2.99(6)
CE Tau 601(83)  3.531(13)  4.63(13)  —6.8332) 8.03) —021(12) 3.74(12)
T Cet 286(34)  3.512(13)  3.91(12)  —5.0330)  3.03)  0.01(11)  3.51(12)
TX Psc 322(74)  3477(14)  3.90(3))  —5.02¢61) 1.83) —0.3021) 3.78(21)
W Ori 406(185)  3.415(17)  3.83(3))  —4.85(103) 1.5(5) —0.60(¢2)  4.02(53)
R Scl 513(721)  3.415(17)  4.04(17)  —535201)  2.5(5)  —0.59(75)  4.01(75)
TW Oph 278(102)  3.415(17)  3.50(%)  —4.0289) 1.03) —046(3%)  3.88(42)
o Ret 13.53) 36799  1.934)  —0.10(11) 2.8(3)  2.61(5) 1.07(5)
@2 Ori 88(1)  3.66909)  1.52(4) 0.95(10)  1.5(5)  2.73({3)  0.94(16)
n Col 37.1(13)  3.668(9)  2.77(5)  —2.17(12)  5.0(3)  2.00(4) 1.67(4)
A Hya 9.7(8)  3.668(9)  1.60(8) 074200 155 2.64(3)  1.0322)
y Lib 124(6)  3.668(9)  1.81(6) 0.21(14)  2.03)  2.55(7) 1.12(7)
o Sgr 1L79)  3.668(9)  1.76(7) 0.33(19)  2.03)  2.60(8) 1.07(8)
¢ Eri 11.7(10)  3.663(9)  1.74(8) 04021 155  248(32)  1.18(23)
0 Psc 104(7)  3.66209)  1.63(7) 0.67(17)  1.3(3)  2.50(14)  1.17(14)
¥ Sel 123(1)  3.654(10)  1.75(4) 0.37(10)  1.3(3)  2.35(10)  1.31(10)
HR 2113 35(4)  3.647(10)  2.62(10)  —1.8224)  3.5(5)  1.90(11)  L.75(11)
e TrA 162(2)  3.647(10)  1.96(4)  —0.16(10) 1.5(5  2.20(}¢)  1.45(16)
n Cet 13.6(1)  3.647(10)  1.81(4) 0.22(10)  13(3)  2.26(9) 1.39(9)
HR 3282 78(6)  3.636(10)  3.28(8)  —345(20) 6.5(5)  1.47(8) 2.16(8)
HR 2411 227(10)  3.629(10)  2.18(6)  —0.72(14)  1.5(5)  1.90(}%)  1.73(19)
51 Hya 11.6(6)  3.629(10)  1.60(6) 0.74(16)  1.0(3)  2.30(12)  1.33(12)
RSG/AGB model 832 3.543 4.968 —7.68 12.0 -0.337 3.880

AGB model 429 3.405 3.841 —4.87 1.0 —0.830 4.235

“Rosseland radius in solar radius unit
beffective temperature in K
“empirical stellar luminosity in solar luminosity unit
4bolometric magnitude

stellar mass in solar mass unit

Fsurface gravity

&pressure scaleheight in s> K cm~!, from equation (2).

(depicted as a red open triangle in Fig. 6) mimics an RSG star, with
M =12Mg, L =93000Lp, Ter = 3490K, log g = —0.34, and
R = 832 R (Chiavassa et al. 2009, 2011b). The second (depicted
as ared open circle in Fig. 6) is an AGB star simulation from Freytag
& Hofner (2008), with T, = 2542 K, logg = —0.83, for a solar
composition, with M = 1M@, £ = 6935L¢, and R = 429R(m.
The final CSP values of these two simulations are computed in the
following way:

(i) Using the radiative transfer code optiM3p (Chiavassa et al.
2009), we compute intensity maps from the 3D RHD simulations
at the same wavelengths as those of the observation of the AGB-
star W Ori. The simulation is scaled to approximatively match the
angular diameter of W Ori (9.6 mas). For each wavelength, we adopt
a top-hat filter with the same resolving power as the instrumental
resolution (Z = 1500).

MNRAS 446, 3277-3284 (2015)

(i1) Using the method explained in Chiavassa et al. (2009), we
calculate the Fourier transform of the intensity distributions, com-
pute the triple product at the same interferometric baselines as for
W Ori, and derive the final CSP value, as defined by equation (1).

The 3D RHD simulation predicts a CSP value of 11°9 for the
AGB simulation (log Hp = 4.235), and of 324 for the RSG/AGB
simulation (log Hp = 3.88). Two main physical sources drive the
morphology of stellar surfaces, as predicted by RHD simulations:

(1) the dynamics (i.e. pulsation, rotation, convection, magnetism,
etc.) is the first source of interferometric signal;

(2) and the temperature effect. The temperature inhomogeneities
are caused by the convective movements, and for stars with Teg
lower than about 4000 K, the molecules are not dissociated and
their contribution through the opacity in the photosphere is a second
source of interferometric signal.
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Figure 3. Temperature—luminosity diagrams for the targets of our sample, with evolutionary tracks (full lines, in black) and asymptotic giant branches (dashed
lines, in red), for different masses (indicated at the end of each track, in red). Left-hand panel: error bars for the science targets (named, in blue) and the
calibrators (unnamed, green crosses). Right-hand panel: CSP values for the science targets. For graphical convenience, the sizes of the (blue) squares are

proportional to log (CSP).
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Figure 4. Asymmetry-radius diagram for the science targets. The equa-
tion of the dashed line (only drawn to fix the ideas; see text) is
y=0.8152x — 1.0882.

For stars with cool and diluted atmospheres (group II) like RSGs,
the points (1), and (2) above contribute together to the stellar mor-
phology. It is impossible to disentangle with CSP only what is
contributing the most. Moreover, there is also a wavelength depen-
dence of the contribution of (1) over (2), (1) prevailing at infrared
wavelengths where we can see deeper in the photosphere, while (2)
prevails in the visible where molecules show very large and deep
electronic bands in their spectrum. Also for the AGBs, the situa-
tion is similar to RSGs but even more extreme (even larger CSP
as we saw in the right-hand panel of Fig. 6), and finally there is
also a difference between C-rich and O-rich stars. We believe this
difference is due either to the molecules formed (point 2), or to the
different model structure. In any case, O-rich stars should produce
CSP values smaller that C-rich ones (see Section 2.3).

For stars with hot and compact atmospheres (group 1), Te is
larger than 4000 K (see Table 3). So there is ‘only’ the contribution
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Figure 5. Temperature—gravity diagram, for the calibrators (unnamed,
green crosses) and for the science targets (named, blue squares). The sizes
of the squares are proportional to log (CSP). Bottom-left box (blue): stars
with hot and compact atmospheres (group I). Upper-right box (red): stars
with cool and diluted atmospheres (group II).

of point (1) to the interferometric observables. So the CSP is lower
than in the RSG/AGB case.

5 CONCLUSION

Using the CSP parameter derived from the measurements of the
triple product integrated over the observation spectral band, we
study the deviation from centrosymmetry of the brightness distribu-
tion for 16 well-resolved late-type stars. Observations took place on
several runs distributed over a period of two years, using the ESO
VLTI/AMBER facility in the K band at medium spectral resolution
(Z = 1500).
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Figure 6. Asymmetry versus pressure scaleheight, for the science targets. Left-hand panel: stars with hot and compact atmospheres (group I). The equation
of the dashed line is y = 0.0942x 4 0.0131. Right-hand panel: stars with cool and diluted atmospheres (group II). The dashed curve is an exponential law with
the following equation y = 0.054lexp (0.7714x) (see text for the choice of the laws). Open triangle (in red): RSG/AGB star simulation; open circle (red): AGB

star simulation.

The values of CSP confirm that stars with the largest asymme-
tries are located in the upper right corner of the HRD. In separating
hot and compact stellar atmospheres from cool and diluted atmo-
spheres, we show that CSP increases with the atmospheric-pressure
scaleheight Hp, according to the following sequence: K giant, RSG,
AGB. For the RSG and the AGB stars, this result is in agreement
with the 3D RHD simulations.
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