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ABSTRACT

Context. It has been shown that convection in red supergiant star&YBBes rise to large granules causing surface inhomotesei
together with shock waves in the photosphere. The resuttioiipn of the photocenter (on time scales ranging from notdtyears)
could possibly have advers&ects on the parallax determination with Gaia.

Aims. We explore the impact of the granulation on the photoceatnit photometric variability. We quantify thesgeets in order to
better characterize the error possibly altering the paxall

Methods. We use 3D radiative-hydrodynamics (RHD) simulations ofuemtion with CO5BOLD and the post-processing radiative
transfer code OPTIM3D to compute intensity maps and spéctte GaiaG band [325 — 1030 nm].

Results. We provide astrometric and photometric predictions froms3@ulations of RSGs that are used to evaluate the possible
degradation of the astrometric parameters of evolved sitised by Gaia. We show in particular from RHD simulatiohatta
supergiant like Betelgeuse exhibits a photocentric ndiseacterised by a standard deviation of the order of 0.1 Aié. fumber of
bright giant and supergiant stars whose Gaia parallaxédwvihltered by the photocentric noise ranges from a few teseveral
thousandths, depending on the poorly known relation batvwiee size of the convective cells and the atmospheric presiale
height of supergiants, and to a lower extent, on the adoptstpption for galactic extinction. In the worst situatjdhe degradation
of the astrometric fit due to the presence of this photocenwise will be noticeable up to about 5 kpc for the brightegesgiants.
Moreover, parallaxes of Betelgeuse-like supergiants fiszted by a error of the order of a few percents. We also shotttiea
photocentric noise, as predicted by the 3D simulation, daesunt for a substantial part of the supplementary 'cosmise’ that
affects Hipparcos measurements of Betelgeuse and Antares.

Key words. stars: atmospheres — stars: supergiants — astrometry lagasa— hydrodynamics — stars: individual: Betelgeuse —

1. Introduction previous work by Ludwig[(2006) has shown thdlieets due to

1e granulation in red giant stars are not likely to be imaiotrt
The main goal of the Gaia mission_(Perryman étal. 200 xcept for the extreme giants.

le_d_egLe_n_e_t_dIL_ZQ_(DS) is to determine high-precision as&®b Red supergiant (RSG) stars are late-type stars with masses b
ric parameters (i.e., positions, parallaxes, and propéroms) tween 10 and 40 M They have fective temperatur@e; rang-

for one billion objects with apparent magnitudes in the mn e
56 < V < 20. These data along with multi-band and mult?zngogci? ggggég/l? ;?]glrgg"Ku(pKtlg Igrgéngs(mltles in the ranlge

epoch photometric and spectrocopic data will allow to r€COB005). Their luminosities place them among the brightessst
struct the formation history, structure, and evolution bét ;.\~ up to very large distances. Based on detailed riaxiat
Galaxy. Among all the objects that will be observed, latgety hydrodynamics (RHD) simulations of RSGs (Freytag &t al2200
stars present granulation-related variability that issid@red, in and[Freytag & Hofner 2008), Chiavassa et al. (2009) (Paper |
this context, as "noise” that must be quantified in order tibtdloe hereafter) and Chiavassa et al. (2010a) (Paper Il herpaftew
characterize any resulting error on the parallax detertioingA  ,,; these stars are characterized by vigorous convectiarhw
Send offprint requests to: A. Chiavassa imprints a pronounced granulation pattern on the stelleasa.
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In particular, RSGs give rise to large granules comparattlee 20x10% [T R SGN 100
stellar radius in thed andK bands, and an irregular patternin I ,
the optical region. & 1sxi0®f " 10 =
This paper is the third in the series aimed at exploring the ': [ ! ' g
convection in RSGs. The main purpose is to extract photocen- & [ ; Y 60 %
tric and photometric predictions that will be used to estema  x 1.0x10%[ L §
the number of RSGs, detectable by Gaia, for which the paral- % ; Y H40
lax measurement will befiected by the displacements of their 2 [ ! \ 5
. . ] az \ e}
photometric centroid (hereafter "photocenter”). £ 5.0x107F ' Y ao E
< 1 AY
. . . o'; . : . Mo
2. RHD simulations of red supergiant stars 4000 8000 8000 10000

. . ) . ) Wavelength (&)
The numerical simulation used in this work has been com-

uted using CEBOLD (Freytag et dl. 2002; Freytag & HoffherFig. 1. The transmission curve of the Gai@ band white
). The model, deeply analyzed in Paper |, has a masdight passband (solid black line), the blue (dotted blues)in
12 M, employs an equidistant numerical mesh with 2g6d and red (dashed red line) photometric f”tmo
points with a resolution of 8.&, (or 0.040 AU), a luminos- WJordi & Carrasda 2007) together with the synthetic spectrum
ity average over spherical shells and over time (i.e., overc®mputed from the RHD simulation described in the text.
years) ofL = 93000+ 1300L,, an dfective temperature of

Ter = 3490:13 K, a radius ofR = 832+ 0.7 R,, and a sur- peen found in Paper II. The resulting surface pattern, thoag
face gravity logg = —0.337+ 0.001. The uncertainties are meajated to the underlying granulation pattern, is also cotetbt
sures qf the .temporal quctuatlor_15. This is our most SUCUESS&ynamical &ects. In fact, the emerging intensity depends on (i)
RHD simulation so far because it has stellar parametergstosiye opacity run through the atmosphere (and in red supdsgian
to BetelgeuseTer = 3650 K, logg = 0.0,[Levesque et al., 2005, Tio molecules produce strong absorption at these waveiengt
or logg = -0.3,[Harper et &l 8). We stress that the surfag@e spectrum in Figl 1) and on (ii) the shocks and waves which
gravity of Betelgeuse is poorly known, and this is not withowygminate at optical depths smaller than 1.
consequences for the analysis that will be presented in[Gdict The surface appearance of RSGs in the Galzand dects
(see especially Fig. 18). _ _ strongly the position of the photocenter and cause temflacal

For the computation of the intensity maps and spectra basggtions. The position of the photocenter is given as theisity-

on snapshots from the RHD simulations, we used the cogi@ighted mean of the -y positions of all emitting points tiling

shifts caused by the convective motions. The radiativestean

is computed in detail using pre-tabulated extinctionficients N ON s o

per unit mass generated with MARCS (Gustafssonlét al.]20Q8)  2i=1 Xj=1 I (i J) * X, J)

as a function of temperature, density and wavelength for the& ~ N N i @)

. . 2|:1Z]:1|(|’J)

solar composition (Asplund etlal. 2006). The tables incltie

same extensive atomic and molecular data as the MARCS mad- ity X 1G, J) * ¥, )

els. They were constructed with no micro-turbulence broade™ ~ NSV G ) @)

ing and the temperature and density distributions are apidn Bt

to cover the values encountered in the outer layers of the RHD wherel (i, j) is the emerging intensity for the grid poirif |)

simulations. with coordinates(i, j), y(i, j) of the simulation, antN = 235 is
the total number of grid points. Figl 3 shows that the phattee

L excursion is large, since it goes from 0.005 to 0.3 AU over 5
3. Predictions years of simulation (the stellar radius4s4 AU, Fig.[2). The

In this Section we provide a list of predictions from 3D simutémporal average value of the photocenter displacemenj is

lations that are related to the Gaia astrometric and phdttixrne<(P>2< + Py%)(l/z)? = 0132 AU, andop = 9-065 AU. o
At this point, it is important to define the characteristiod

measurements. ; .
scale of the convective-related surface structures. RHiu-si
lations show that RSGs are characterized by two charatiteris

3.1. Photocenter variability time scales:

We computed spectra and intensity maps in the Gdiand for (i) the surface of the RSG is covered by a few large convective

the whole simulation time sequence, namébyyears with snap- cells with a size of about 1.8-2.3 AW60% of the stellar

shots~ 23 days apart. The corresponding spectrum is presentedradius) that evolve on ime-scale of years (see Fig[¥ and

in Fig.[d and the images in Figl 2. Paper ). Thisis visible in the infrared, and particulariyhe

Paper Il showed that the intensity maps in the optical re- H band where the Hcontinuous opacity minimum occurs
gion show high-contrast patterns characterized by dartsspo and consequently, the continuum-forming region is more ev-
and bright areas. The brightest areas exhibit an intendity 5 ident.
times brighter than the dark ones with strong changes oveesdii) In the optical region, as in Fif] 2, short-lived few weeks to
weeks. Paper Il reported robust interferometric compassaf a few months) small-scale (about 0.2—0.5 A,10% of the
hydrodynamical simulations with existing observationsthie stellar radius) structures appear. They result from the-opa
optical andH band regions, arguing for the presence of con- ity run and dynamics at optical depths smaller than 1 (i.e.,
vective cells of various sizes on the red supergiant Betslge further up in the atmosphere with respect to the continuum-
The GaiaG band images (Fid.]2) are comparable to what has forming region).
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Fig. 2. Maps of the linear intensity (the range is [0 — 230000]g/agn?/A) in the GaiaG band. Each panel corresponds to @iatient
snapshot of the model described in the text with a step oftE2#idays £ 5 years covered by the simulation).
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Fig.3. Photocenter position, computed from the snapshots of

Fig.[2, in the Gaias band filter. The total simulated time 45 Fig.4. Map of the linear intensity in the IONIC filterH

years and the snapshots are 23 days apart. The snapshotg,4i8 as described in Paper I). The range is [0.% 3
connected by the line segments. The dashed lines intetdbet a

position of the geometrical center of the images. Note that t _ PR | i I
photocentric shift stays in the first quadrant for most ofihg snapshot at = 21976 yr in Fig.[2. The large convective ce

X X B : isible in this Fi i i ller-scale ph i
simulation, and reflects the long lifetime of the large canive ;{f&%gj:gst iésthégéfiésbzvr\]lgr?ng;gelg smaller-scale photesjoh
cell best visible in the infrareH band (Fig[4). '

10°]ergcnt?st A-1. The snapshot corresponds to the top left

Both time scales have arfect on the photocenter excur-the value ofop is mostly fixed by the short time scales corre-
sion during the 5 years covered by the simulation. On one hasgonding to the small atmospheric structures. On the ot ,h
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the fact thaPy) and(Py) do not average to zero (according to
Fig.[3, the photocenter stays most of the time in the same-quad %9
rant, due to the presence of the large convective cell wtsch i :
visible in theH band; see Fid.14 and Paper I) indicates that the 3’ 0-25|

5 years period covered by the simulation is not yet long ehoug < ]
with respect to the characteristic time scale of the lagdes E 0.20 1 .
(continuum) cells. S _ ]

The top panel of Fid.]5 shows the temporal photocenter dis- g 415 3
placement over the 5 years of simulation, which is comparable 7 ' | ]
to the total length of the Gaia mission. As seen in the Fidiore, % 0.10 E
t < 22 yr, the random displacement is small and increases to ag ]
maximum value of 0.30 AU at~ 23 yr. 2 ]

In relation with the astrometric implications of this pheto %% ]

centre displacement, which will be discussed in Séct. 4 uistm :

be stressed that neith&®) nor op (the latter corresponding to 000 P >3 " P %6
the time sampling of the photocentric motion with a rather ar Time [years]

bitrary time interval of 23 days) are the relevant quargijtieis
instead the standard deviationP$ampled as Gaia will do (both

timewise and directionwise) which turns out to be relevaihts .30 ' e ' ]
quantity is computed below. = ; ]
The bottom panel of Fid.]5 shows that there is no obvious & 0-25F ot % ]
correlation between the photocenter variability and therging € . Joo e * ]
intensity integrated in the Ga@ band[ Ludwify((2006) showed & 0.20F . T . .
analytically that this lack of correlation is to be expected 38 3 oo e ° o o .
Gaia will scan the sky, observing each object on average 70-.%L 0.15F R ot . e *
80 times. The main information that will be used to determine [ . e . .
the astrometric characteristics of each stars will be tbagl ot *° o « * 2 "
scan (AL) measurement. This is basically the projectiorheft 8 F e e W e o %, ¥
star position along the scanning direction of the sateNité re- 5 0.05F ®e® o00 o 3
spect to a known reference point. By fitting those data thinaug E * o *
least square minimization, the position, parallax and propo- 0.00C L ) 2 ! s
tion of the star can be derived. The possibility of extragtimese 0.9 1.0 1.1 1.2
parameters is ensured by Gaia’s complex scanning vefaich Flux/<Flux>
guarantees that every star is observed from mafigréint scan-
ning angles. Fig.5. Top panel: modulus of the photocenter displacement as

In presence of surface brightness asymmetries the photocefunction of time Bottom panel: photocenter displacement as a
ter position will no more coincide with the barycenter of 1ar - fynction of the integrated flux in the deband,fglz(;%mﬁ da,
and its position will change as the surface pattern changes W, j..4lized by the temporal average integrated flux.
time. The result of this phenomenon is that the AL measure-
ments of Gaia will reflect proper motion, parallactic mot{tmat
are modeled to obtain the astrometric parameters of thesster
photocentric motion of convective origin. The presencehaf t
latter will be regarded as a source of additional noise. P, = Pcos@ - 6p) with tang) = P,/P;. ()

The impact of those photocenter fluctuations on the astro-
metric quantities will depend on several parameters, soimeThe resulting run of the standard deviation of the photasrent
which are the stellar distance and the time sampling (fixed ysplacement with time for two representative stars (onatted
the scanning law) of the photocentric motion displayed @i at| = 0° with 59 transits and the other located at 241° with
To better assess this impact, we proceeded as follows. Tize G227 transits) is shown on Figl. 6, which reveals that the tiame-s
Simulator (Luri et all 2005) was used to derive scanninges\glpling is, as expected, strongly dependent upon the statiqosi
and time sampling for stars regularly spaced (one degre#)apan the sky. The transits separated by @<10yrs correspond
along the galactic plane where the supergiants are found. Wehe star being observed in succession by the two fieldsof vi
computed the photocenter coordinates at the Gaia tram@sti (separated by 106.5 degrees on the sky) by the satellitaisgin
by linear interpolation of the photocenter positions of tiedel at a rate of 6 hours per cycle, whereas the longer intervals ar
(as provided by Fid.13), after subtractifigy) (=0.055 AU) and fixed by the satellite precession rate.

(Py) (=0.037 AU; as we will explain below, a constant photocen-  Finally, we computed the standard deviation of those pro-
tric offset has no astrometric impact on the parallax). We th@sttions, and obtainedp, values ranging from 0.06 to 0.10 AU
computed their projection on the AL direction, which we d&no (Fig[7), with (|P,|) ranging from k104 to 8x10-2AU. In the re-

Py, & being the position angle along the scanning direction QRainder of this paper, we will adopts, = 0.08 AU. This quan-

the sky. This projectiof?, relates to the moduluB of the pho- tity, which represents about 2.0% of the stellar radiué AU;
tocenter vector plotted in Fifll 5 through the relation Sect. 2), is a measure of the mean photocenter noise induced

_ _ ; _ _ _ by the convective cells in the model, and it is this value Whic
Po = Pcosf—fp) with tanf = (Py <Py>) [ (Px=<(P0). (3) needs to be compared with the Gaia or Hipparcos measurement

1 Sed http/www.rssd.esa.ifindex.php?projeetGAIA&page=picture uncertainty to evaluate the impact of granulation noiseten t
_of the week&pow=13 astrometric parameters. This will be done in Sectidns 4and 5

and similarly, we define
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At (yr) = t;,—t;

longitude = 0 deg 0.11r ' ' i T T T — 250

20r N =59
_15 0.10 1500
10+ 1
I | 0.09}
5 . 150
. 2
< 0.08 =
Ry
® H100
_ 0.07} :
2
< ]
N 0.06} >0
5 00550 100 150 200 250 300 350°
t (yr) longitude
At (yr) =t; 11—, Fig.7. The run ofop, (expressed in AU; solid blue curve and
100 1 ‘ longitude = 241 deg left-hand scale) with galactic longitude for stars locatdnng
80r N =227 i the galactic plane, having a number of transit observatioren
60! 1 by the red dots (and right-hand scale).
=
40
20f ﬁ 1 3.2. Photometric variability
%0-4 1073 102 10‘-1 160 Another aspect of RSG variability carffect Gaia spectropho-

tometry. The blue and red photometric bands of Eig. 1 produce
two spectra of the observed source at low spectral resalutio
(R = 50). The photometric system has the advantage of cover-
ing continuously a wide range of wavelengths providing a-mul
titude of photometric bands, but it has the great disadgenta
of being extremely hard to calibrate in flux and wavelength.
The photometric system of Gaia will be used to characterize
the star’s @ective temperature, surface gravity and metallicity
8). The vigorous convective motions and &e r
Fig.6. The along-scan photocenter displacemept(in AU) sulting surface asymmetries of RSGs cause strong fluchsatio
against time for two dferent samplings of the photocenter disi the spectra that willéiect Gaia spectrophotometric measure-
placement of Fid.13, corresponding to the Gaia scanning faw dnents (Fig[B). In the blue photometric range (top panes), th
plied to stars located along the galactic plane at longiufe fluctuations go up to 0.28 mag and up to 0.15 mag in the red

0° and 242, as indicated on the figures. The top panel of eadtfer (bottom panel) over the 5 years of simulation. These va
pair provides the distribution of time intervals betweencas- Ues are of the same order as the standard deviation of thievisi

sive measurements. magnitude excursion in the last 70 years for Betelgeuse 0.2
mag (according to AAVSE).
The light curve of the simulation in the (blue - red) Gaia
We note thatop, = 0.08 AU is in fact larger thanrp = color index is displayed in Fif] 9. The temporal averageealu
0.065 AU, and this can be understood as follows. First, frothe colorindexis (blue -ree)3.39+0.06 at one sigma and there
Eqg. [4) and basic statistical principles, the followingatedn may are some extreme values at, for example,22.4 yr, t ~ 23 yr,

t (yr)

be easily demonstrated: andt ~ 252 yr.
Therefore, the uncertainties on [F8, Ter, and logg given
o-éé = 0.5 (o3 + (P)?), (5) byl[Bailer-Jones (2010) for stars wit < 15 should be revised

upwards for RSGs due to temporal fluctuations from convactio
under the obvious hypothesis of statistical independerce b
tween the scanning directiodsand the photocentric positions
Px. Py. With (P) = 0.132 AU, andop = 0.065 AU obtained in
Sect[3.1, the above relation prediots, = 0.10 AU, in agree- The simulation presented in this work has already beendeste
ment with the actual predictions based on Eg. (4). If one coggainst the observations atférent wavelengths including the
siders insteadP, from Eq. [3) (thus projecting the 're-centeredoptical region (Papers | and 1l). However, it is now also poss
photocentric displacement), there is a small reductionhef tple to compare the predictions in the G&aband to CHARA

3.3. Direct imaging and interferometric observables

standard deviation according to interferometric observations obtained with the new insent
. 5 5 VEGA (Mourard et all_2009) integrated within the CHARA ar-
op, = 0, = 0.5((P)” + (Py)%), (6) ray at Mount Wilson Observatory. For this purpose, we com-

o ) ) ) puted intensity maps in the blue and red bands of [Hig. 1 and
yieldingop, = 0.088 AU, in agreement with the detailed calcu-

lations shown on Fid.]7. 2 American Association of Variable Star Observers, www.aawg
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red photometric filters of Fidl]l 1, as a function of time.

an image reconstruction to compare directly the granuiatipe
and shape, and the intensity contrast, provided by the pthnn
second generation recombiner of the VLTI and CHARA optical
interferometry arrays. The European Extremely Large Telps
(E-ELT, planned to be operating in 2018) with a mirror size 5
times larger than a single VLT Unit Telescope will be capalfle
near IR observations of surface details on RSGs [Fig. 11).

—
(54
—T
1

o :
(o))
—TT
1

4. Impact of photocentric noise on astrometric
measurements

Absolute flux (erg s™'A")x10%
o
1
L

o
)

7000 8000 9000 10000 The basic operating mode of astrometric satellites likeolipos
Wavelength (4) or Gaia is to scan the sky and to obtain along-8gasitions;a, ,
as it was already briefly sketched in S&ct] 3.1. The corerastro
Fig. 8. Spectral fluctuations in the blue and red Gaia photometfi€ data analysis then consists in solving a least-squanigigm
bands (Figill) for RSGs: the black curve is the average fluk o\gor the sake of simplicity, we neglect the AC term) (Lindexyr
~5 years covered by the simulation, while the grey shade gésna2010)
the maximum and minimum fluctuations. The spectra have been 5
smoothed to the Gaia spectral resolutiéh £ 50, [Thévenin mMin { [ —n(p, & ti)] ]

2008). pa (4 o5 )
for the astrometric parametgusand the set of satellite attitude

calculated visibility curves for 36 fferent position angles with parameters, given theNyansit along-scan positions; at times
astep of 5f0IIOW|ng the method explained in Paper l. Flgm 1&1 the model predictions(p’ a; ti), and the formal erroo,, on
shows the intensity maps together with the correspondisig vithe along-scan position (including centroiding errors and er-
bility curves. The angular visibility fluctuations are largn the rors due to imperfect calibration or imperfectly known #te
blue band (bottom left panel) because there is a largeribontr attitude for instance). Ify is afected by some supplementary
tion from molecular opacities (mainly TiO) that shade the-o noise coming from the photocentric motion (which is not gpin
tinuum brightness of the star (top left panel): thereforeshr- o pe included inr,,), then this photocentric noise of variance
face brightness contrast is higher. However, in both phetem 2 \yj|| degrade the goodness-of-fitin a significant manner; pro
ric bands the signal in the _second_ lobe, at higher fre_que_ane vidHed thaiop, 2 o,,. This statement is easily demonstrated from
;Ségéxv\l/iﬁgg—t&?;he uniform disk (UD) result, which is ME3q. @), by writingz; = 7 + Py, with the first termy represent-

. ing the astrometric motion, and the second term repreggtiten
The approach we suggest to follow in order to check the 'Blong-scan photocentric shift:
liability of the 3D simulation is the following: to searchrfan- '

gular visibility variations, as a function of wavelengttserv- Nuransit [5i + Py — n(p, & t)]?
ing with the same telescope configuration covering highiapaty® = — (8)
frequencies and using the Earth’s rotation to study 6ffedi i=1 T

ent position angles in one night. The error bar should be kept
smaller than the predicted fluctuationgl0% in the blue band,
and~20% in the red band at the peak of the second visibili
lobe.

To investigate the behavior of the local flux fluctuations; cl

sure phases shall bring invaluable information on the asgfmm 3 Across-scan (AC) measurements will be obtained as well big Ga
try of the source. However, the final consistency check véll tbut will have a lower precision.

For the sake of simplicity, we will assume in the following
that o, is the same for all measurements. The above equation
li¥|ay be further simplified in the case where there is no corre-
lation between the astrometric and photocentric shiftsthe
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Fig. 10. Top panels: maps of the linear intensity (the range is

[0 — 230000]gteg?/A) computed in the blue and red photometric

filters of Fig [1.Bottom panels: visibility curves from the above maps computed for 36atent position angles’&part (grey lines).
The black curve is the average visibility while the dashed Is a uniform disk of about the same radius as the simulatiapshot.
The conversion factor to the more customary unit arcsen the abscissa axis is arcsee R;! - d [pc] - 2149 (see Paper I).

y [aV]

x [AU]

Fig.11. Snapshot of 3D simulation (upper left of F[d. 2) con
volved to the PSF of a 42 m telescope (for a star at a distanc

152.4 pc, see solution #2 in Talle 2) like the European Exthgm
Large Telescope.

é—%?ather than its average value — which matters. In the extrem
case where there is a constant (non-zero) photocentertbleife

proper motiofl). Although this assumption of absence of corre-
lation turns out not to be satisfied in real cases (we willnretu
to this issue in the discussion of Figl21), it nevertheldisre

insights into the situation, and we therefore pursue théytoal
developments by writing

1 Niransit
)
a n

Niransit
>l -npat)P+ > P2

i=1 i

XZ_

2
o
2 Py
= X0 *+ Ntransit —
0-'7

)

Where/yg is the chi-square obtained in the absence of photocen-
tr.ic motion, and_ we have assu_m@@g = (1/Ntransi? 2&‘;’;”5" ng
since asymptoticallyP,) = 0. It is important to stress here that
it is indeed the standard deviation of the photocenter déspl

nt Gampled the same way as the astrometric data have been)

will obviously be no impact on the astrometric parameters.

the cross-product terrE'k“gi"S“(ﬁk —n(p, &; t)) Py,

4 The large subphotospheric convective cells lead to conspi

is null. This  gpot5 in the infrared bands, which move on time scales ofakyears

absence of correlation Only holds if the photocentric sbdt (Paper I). However, in the optical bands, these large spetsiat so

curs on time scales filerent from 1 year (no correlation With. theclearly visible, since they are swamped in smaller-scakstqspheric
parallax), and shorter than a few years (no correlation thieh structures.
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The degradation of the fit due to the presence of the pho
centric noise may be quantified through the goodness-o&it |
rameter~2, defined as

9y 1/2 )(2 1/3 2
2=(3) [(7) T

wherey is the number of degrees of freedom of jffevariable.
The above definition corresponds to the 'cube-root transéer
tion’ of the y? variable [(Stuart & Ol 1994). The transformatior
of (x?,v) to F2 eliminates the inconvenience of having the dis
tribution depending on the additional variablewhich is not
the same for the étierent starsk2 follows a normal distribution
with zero mean and unit standard deviation. The goodness-
fit F2 thus appears to be affieient way to detect the presence
of any photocentric noise. It may be compared to its v&lde

in the absence of photocentric noise by assurpz(@)/q =1and
Niransit'v = 1; then Eq.[(P) writes

(10)

2
Neransit &
Xszg(l'f' transit F;g],

10

= 6f

B

1.0 1.5 2.0
UP://U’I

(11) Fig.12. The degradation of the goodness-offR in the pres-
ence of a photocentric motion described in terms of the ratio

op,/oy, Whereo, is the instrumental error. Remember tlfet

thus leading to

(12)

v O
1/2 o2 1/3
F2=F20+(—V) (1+ Z) ~1.
2 oy

follows a normal distribution with zero mean and unit stanada
deviation.

the bright-star regime matters for our purpose. Insertiresé

values in Eq.[(113), we thus find

n
In the case of Gaia, the second term of the above equat
may be evaluated as a function®g,/c, by adoptingv = 70,

Pkpc] < 0,980, [AU]

for Hipparcos (15)

as represented on Fig.]12. SinEg follows a normal distribu- gng

tion with zero mean and unit standard deviation, the fit deara

tion will become noticeable i 2 increases by 2 or so, implyingd [kpc] < 555 op, [AU]

op,/oy 2 0.6. This translates into a condition on the distance:

op, [AU]

d[kpc] § ——————.

[kpc] 0.6 o, [mas]
The error on the along-scan positigrshould not be confuse
with the end-of-mission error on the parallaxy), which ul-
timately results from the combination ®¥ansit transits, with

Adopting op, =

(Sect[311) yieldsl < 0.08 kpc for Hipparcos and < 4.4 kpc for

(13) Gaia. This limit has to be interpreted as marking the maximum
distance up to which a photocentric motion with, = 0.08 AU

¢ Willincrease the astrometry goodness-of-fit by 2. The vigfiof

these conditions will be further evaluated in Selcks. 5[dnd 6.

for Gaia. (16)
0.08 AU for Betelgeuse-like supergiants

In the presence of such photocentric noise, the astrometric

ofata reduction process may adopt one of the following thpee a

Niransit ranging from 59 to 120 for Gaia, with an average hes:
Niransit = 78 0), and from 10 to 75 for HipparcoB'0acnes:
(Fig. 3.2.4 of Vol. 1 of the Hipparcos and Tycho Catalogues)iy Neither the model definition, nor the measurement-eteds

The number of transits depends (mostly) on the ecliptitudé.
For Hipparcos, the individuat, values for each transit may

inition are modified (meaning that the quantities enter-
ing Eq. [9) are the same as before, and that no attempt is

be found in the Astrometric Data files (van Leeuwen & Evans made whatsoever to model the granulation). With respect to
11998;|van Leeuwen 2007a), and are of the order of 1.7 mas for 3 star with similar properties (same apparent magnitude and

the brightest stars (see Sédt. 5 and[Eig. 15). For Gaia, tugtity
o, may be obtained from the relation

1/2
_transit
n— - UV

14
M Gper (14)

wherem = 1.2 denotes an overall end-of-mission contingency

margin, andgpar = 1.91 is a dimensionless geometrical factor
depending on the scanning law, and accounting for the v@miat
of Nyansit across the sky, since,, is an dfective sky-average
value (see_de Bruijiie 2005). A current estimate-gfis 7.8uas
for the brightest star en 2010), yieldingof the order

of 30uas. To avoid saturation on objects brighter tliag 12.6,

a special CCD gating strategy will be implemented so that the

error budget may be assumed to be a constanGfor 12.6

location on the sky), a star with global-scale convectidisce
will then be recognized by a goodness-ofHiRt value larger
than expected depending upon the ratig/ o, (see FiglIR).
Under those conditions, the resultifgmal uncertainty on

the parallax wouldhot be especially large, though; actually,

it would be exactly identical to the parallax uncertaintytie
absence of photocentric motion. This is because the formal
errors on the parametegps(among which the parallax) only
depend on the measurement err@ps(which were kept the
same in the presence or absence of photocentric noise), and
not on the actual measured values (which will bffedent

in the two situations). This is demonstrated in Appendix A.
But of course, the error on the parallax derived in such a way
is underestimated, as it does not include the extra source of
noise introduced by the photocentric motion. The next pos-

(de Bruijné 2005; Lindegrén 2010). As we show in SEkt. 6, only  sibility alleviates this diiculty.
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(i) An estimate of the photocentric noise may be quadréyica  WHT, 710nm: 1891-01-03  WHT, 710nm: 1982-01-19
added to<r,2, appearing in Eq.[{8). The error on the par-
allax will then be correctly estimated (and will be larger
than the one applying to similar non-convective stars); the
goodness-of-fit will no longer be unusually large. This is th
method adopted for the so-called 'stochastic solutiongién
Hipparcos reduction, an example of which will be presented
in Sect[h. These solutions, called 'DMB4, added some
extra-noise (in the present case: the photocentric noise) o
the measurements to get an acceptable fit.

(i) The model is modified to include the photocentric matio
This would be the best solution in principle, as it would al-
low to alleviate any possible error on the parallax, as they L -
may occur with the two solutions above. However, the 3D
simulations reveal that it is very fiiicult to model the com- 3 1
plex convective features seen in visible photometric bands %41 # ]
by a small number of spots with a smooth time behaviour.
This solution has thus not been attempted. I i

03 : :

FefeHiel

T
L)
|

o

The astrometric parameters themselves may change of i =%
course, for either of the above solution, especially wherptio- i
tocentric motion adds to the parallactic motion a signalimgv g 3 1
a characteristic time scale close to 1 yr. If on the contrédng, 06 E i
photocentric motion has a characteristic time scale vefferdi r £
ent from 1 yr, the photocentric motion averages out, andelgeav I
no imprint on the parallax. A similar situation is encouetgr 2000 w0 sa00 a0 8800
in the presence of an unrecognized orbital motion on top ®f th JD - 2440000
parallactic motion: only if the unaccounted orbital sighak a Janv 91 Janv 92
period close to 1 yr will the parallax be stronglffected (see ) ) _
Pourbaix & Jorisseh 2000, for a discussion of specific caseE?g- 13. Top panel: interferometric observations of the surface
As explained in Section 3.1, RSGs large convective cellsvevo Of Betelgeuse obtained with the William Herschel Telescape
over time scales of years. In addition, they change sligheyr @ wavelength of 710 nm, in January 1991 (Wilson et al. 1992)
position on the stellar surface within the 5 years of simadat and January 1992 (Tuthill etial. 1997). North is on top and Eas
time (Chiavassa Ph.D. thd@)sbut, unfortunately, it is diicult S to the left. The two images have been taken from Freytalj et a
to measure exactly the granule size (Berger et al. 2010, subrt2002). The spot properties are summarised in Taboftom

ted to A&A) and thus to give a consistent estimation of this di Panel: Hipparcos epoch photometry of Betelgeuse with the ver-
placement. tical lines indicating the epoch of the two interferometiiser-

vations.

ot
Tl

5. Alook at Betelgeuse’s Hipparcos parallax

; ‘ ; mas] = AU] x w[mas]= 0.5 mas, sincerp, = 0.08 AU
Hipparcos datal(ESA_1997) may hold signatures of globq‘%ﬁﬁg sup]erg(irgﬁ[t (S]eﬁlﬁ[) am:l]z 6.56+0.83 mas ForBeteIgeuse

scale granulation in supergiants. The three nearby supdg)i L . ; . 4
) . . see Tabl€]2; in the remainder of this section, all quaistitiem
a Sco (Antares; HIP 80763y, Ori (Betelgeuse, HIP 27989) and(Hipparcos refers to van Leeuwen’s new reduclior?. 2007D).
a Her (Rasalgethi; HIP 84345) are ideal targets for this psepo Considering the fact that the instrumental uncertaintyon a

sincel Tuthill et al. [(1997) indeed found surface featureslbn individual measurement is 1.9 mas for a star like Vega=<
three stars, implying photocentric displacements of tlieoof 0.03) which is as bright as Betel eusé & 0.42) (accordin
1 mas (estimated from the product of the fraction of flux be- Veaa’s Int di ? Ast tg Data file i [ g
longing to a bright spot with its radial distance from the ge o vegas lmermediate Asrometric Uata Ihe invan _eeuwen

metric center; see Tabé 1). By chance, observations ofitite 02007&)’ Betelgeuse’s convective noise with, = 0.5 mas

: . e ould be just noticeable on top of the instrumental noisd, a
of Betelgeuse at the time of the Hipparcos mission were dog%ssibly have some detectable impact on the astrometeoadat

: . 3
by Wilson et al. [(1392) and Tuthill et al. (1297) and are ShoV\@etelgeuse. For Vega, van Leeuwen (2007a) found a very good

in Fig.[13.. Tuthill et al. reveal that the two bright spots sest : . . -
; : trometric solution whose residualg have a standard devi-
in January 1991 turned into one a year later (January 199355)n oay Of 1.78 mas, fully consisteant with the formal errors

with a much fainter spot appearing at the edge of the extende ; .
disc. Since the simulation used in this work shows excefient o1 7 (top panel of FigLIh). The extreme brightness of Vega

to the visibility curves, closure phases, and reconstdiate thus did not prevent from finding a good astrometric solution

ages based on VT data 1 e Same flrs s those usey 1S 011 hand, el e oron) Hepecos procesel
Fig.[13, and the fact that RSGs are slow rotators, it is mkehi P 9 *®

P : L fit to Betelgeuse and Antares astrometric data, and a seecall
that the spots in Fig._13 are due to convection. Their prigeert, . < ’ .
have been summarised in Table 1, along with the correspgndi fochastic solution’ (DMS£X) had 1o be adopted (ihe kind

photocentric displacement. The observed photocentritatis- Ot solution labelled (i) in the discussion of Sefdl. 4), miean

: O that some supplementary noise (called 'cosmic noise’) baxbt
ments agree with the model predictions, as can be evaluated f added to yield acceptable goodness-of-fit valigs

5 httpy/tel.archives-ouvertes/ttocg00/2910/74/PDFChiavassa The cosmic noise amounts to 2.4 and 3.6 mas for Betelgeuse
PhD.pdf and Antares, respectively, in van Leeuwen’s reprocessingse
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Table 1. Properties of the spots observed at the surface of Betadghuring the Hipparcos mission. The positidiiset refers to
the center of the extended disc, of radius 27 mas (Jan. 19@12Zmas (Jan. 1992). Data from Wilson et al. (1992); Tughidl.
(1997).

Spot 1 Spot 2 Photocenter
pos. dfset | pos. angle| flux fraction | pos. dfset | pos. angle| flux fraction | pos. diset pos. angle
[mas] [°] % [mas] [°] % [mas] []
January 1991] 9+2 105+3 12+2 9+2 305+4 11+2 0.4 39
January 1992 2+1 40+10 17+2 29+ 3 -45+5 4+1 1.2 -29

values correspond to the size of the error bars displayed or
Figs.[I% and16. Rasalgethi was not flagged as D¥SAut .
rather as DMSAC (indicating the presence of a close compan- N )
ion), but its large goodness-of-fit vall? = 46.63 is indica-
tive as well of increased noise. Consequently, all threeeisup
giants have a parallax standard error larger than exfegheen
its Hipparcos magnitudel p, as revealed by Fi§._14 which dis-
playso,, against the median magnitude for all supergiants (lu-
minosity classes | and I, of all spectral types) in the Himos
catalogue. The chromaticity correction has been a serions ¢
cern for the reduction of the Hipparcos data of very red gtes
[Platais et al. 2003, for a detailed discussion of this propjend
one may wonder whether the increased noise of the three-supe
giants under consideration could perhaps be related teffiist. Al N
Since the very red supergiants (wWith- | > 2.0) show no appre- 10 12 10 8 6 4 > 0
ciable dfset from the rest of the sample in Figl 14 (at least for Median Hipparcos magnitude
the brightest supergiants, downkip = 8), this possibility may
be discarded, and the discrepant behavior of Rasalgetkayés
and Betelgeuse in Fi§. 114 seems instead related to thek la
apparent brightness, due to their proximity to the Sun.

Could the poor accuracy of Betelgeuse's parallax artj

. .Raea'lgetﬁ

i oAntares....|
oBstelnensy

o, (mas)

Fig. 14. Parallax standard errors for supergiants in the Hipparcos
talogue, after van Leeuwen’s reprocessing. The dashed li

reépresents 1.5 times the standard parallax error for stdhs w

ecise parallaxes<(10%; solid line) in van Leeuwen’s repro-

its cosmic noise be related to its surface features, as GESSInd (see FigHZ-]}glof_Vla%e__e_Lﬂ%eMOWar)], V\|/_|hereasiik1e sol
ready suggested in general terms by Barthes & Luri (199 Je represents the fiducial relation between the Hippamag-
Gray (2000)! Platais et al. (2003): Svensson & Ludiig (200 itude and the standard parallax error. Large red circlesseo
Bastian & Hefele!(2005); Ludwid (2006); Eri i re Spond to stars redder thah- 1 = 2.

(2007).

The bottom panel of Fig._15 shows the along-scan residu- _ ) . _
als Ay for Betelgeuse against time (and Flig] 16 does the sarsig model discussed in SeCt. B.1 underestimates the phaticen
for Antares and Rasalgethi), compared with the photocelier motion. In fact, Paper II showed that the RHD §|mulat|or)sfall
placementsP, and P, determined from the 3D simulation of {© reproduce the TiO molecular band strengths in the optéeal
Sect[31. gion (see spectrum in Figl 1). This is due to the fact that the

From this comparison, we conclude that the photocentffiD simulations are constrained by execution time and there
noise, as predicted by the 3D simulations, does account foﬁoée use a grey approximation for the radiative transfersT$
substantial part of the 'cosmic noise’, but not for all of A. well justified in the stellar interior, but is a crude appmzation
possibility to reconcile predictions and observationddmoeme N the optically thin layers. As a consequence, the therme g
from an increase of Betelgeuse’s parallax (because thevaase dient is too shallow and weakens the contrast between strong
photocentric motion would then be larger for the, value fixed and weak lines.(Chiavassa etlal. 2006). The resulting iitens
by the models), but this suggestion is not borne out by the :"g-""ps look sharper than observations (see Paper Il) andSwis a
cent attempt to improve upon Betelgeuse’s parallax in the (@€ photocenter displacement should ieeted. As described in
cent literature[(Harper et/dl. 2008) (solution #2 in TdGlets) Paper Il, anew generation of non-grey opacities (five wangite
combining the Hipparcos astrometric data with VLA position Pins émployed to describe the wavelength dependence af-radi
as this new value ismaller than both the original Hipparcostion fields) simulation is under development. This will chgan

and van Leeuwen’s values. The remaining possibility is thet e méan temperature structure and the temperature flieisat
especially in the outer layers where TiO absorption occurs.

6 This larger parallax standard error does not contradictefygjx A
stating that, in the presence of a photocentric noise, tedsrd er-
ror on the parallax should stay the same. This is becaus@dnidlax 6. Application to Gaia
standard error is obtained in the framework of a DM#%A’stochas- ) ) )
tic”) solution, where the measurement errors have beeficatly in-  6.1. Number of supergiant stars with detectable photocentric
creased by a "cosmic noise” to get an acceptable goodnefitsvafue. motion
Hence, the "design matrix” defined in Appendix A, and dinga- . . . .
lated to the variance-covariance matrix of the astromgiaiameters, N this section, we will use Eql(16) to estimate the number of
has been changed to produce the stochastic solution, thustiresin  Supergiants which will have a poor goodness-of-fit as a con-
a larger parallax error. This corresponds to a solution ofiKii) in  sequence of their photocentric motion. This equation regui
Sect[4. knowledge ofrp,, which will be kept as a free parameter in this
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Table 2. Parallaxes for Betelgeuse computed from various data sets.

# Data N At @ Distance
[yr] [mas] [pc]

1 Hipparcos (FASENDAC reduction consortia) 38 2.1 .68+164 13117338

2 van Leeuwen (2007b) 38 2.1 56+0.83 1524%;3
3 Harper et al. (2008) 51 224 ®+110 1972°%1

0 Vega : o, = 1.78 mas ‘ ‘ ‘ :
. B g ]
) N w0 K- N I, (NS 1 A SRS S—
E b e €
a 1 I : : , | 4
: ~10[“Antares : 5, = 3.30 mas
10510  -05 00 0.5 1.0 15 5 10 —05 00 0.5 1.0 1.5
10 Betelgeuse : 0, = 3.52 mas > i P
- 10» E
L . . . I i 3
I R T H “““ o " TR N e 1§ SR o= e s .2
e T RS 3 * X k'i* 5 ¥ '**'* e * * x S — o5 * X i *
E 0 *. * L2l ,*** = E 0 L Aemak 2o *I i%’%‘xr*wt Kok 3" A K
o R N S 1. N b _wr¥®_____ = _____i_l _____ % __________________ S N
a4 S—— L IO 110 S a -3 L | i
—101 4 Her 5y, = 5.1 mas ek
=M 5 -1.0 -0.5 0.0 0.5 1.0 1.5 =8 5 -1.0 -0.5 0.0 0.5 1.0 1.5
Hipparcos time (yr - 1991.25) Hipparcos time (yr - 1991.25)

Fig. 15. Abscissa residualsy (in mas on the sky; red dots) alongFig. 16. Same as Fid. 15 for Antares andHer.

with the corresponding error bar fram van Leeuwen (2007a) fo

Betelgeuse and Vega, as a function of time, expressed irs year . .

from 1991.25. Filled star symbols correspond to the alaraps & Small section of the surface layers of the deep convectine,z
projectionsP, of the synthetic photocenter displacements @nd the numerical box includes some fixed number of convectiv
Fig.[3. The red dashed lines and black solid lines depict t§gllS, large enough to not constrain the cells by the hotalon
+10 interval around the mean for the Hipparcos data points akfyclic) boundaries; (iistar-in-a-box models, like the one de-
model predictions, respectively. Note that these displeees Scribed in this paper (Sect. 2), cover the whole convective e
were computed in the Gafafilter instead of the Hipparcdd p velope of the star and have been used to model RSG and AGB

filter. A test on a given snapshot has shown that tifietince Stars so far (see Frey Hofner 2008, for an AGB model),
is negligible:Px = 0.11 AU with the Hp filter, as compared to Whereas the former simulations cover a large number of stel-

0.13 AU with theG filter. lar parameters from white dwarf to red giant stars. The trans
tion where the box-in-a-star models become inadequatereccu
around logy ~ 1, when the influence of sphericity becomes im-

section. In Secf_3l4gp, = 0.08 AU was considered as typicalportant; the star-in-a-box global models are then needed, b

for Betelgeuse-like supergiants, but S&€ét. 5 has providess$ h those are highly computer-time demanding aniadilt to run

that 3D models with grey opacities could somewhat underestb there are only very few models available so far.

mate this quantity. Moreover, according[to Freytag (2001 a (ZTO_YGS) found that there is a tight correlation betwee

[Ludwid @),apﬂ is expected to vary with the star's atmothe amplitude of the photocentric motion and the size of the

spheric pressure scale height, which in turn depends upn granular cells. This size is related to the pressure scatghhe

star’s absolute magnituddg. To explore the parameter spaceat optical-depth unity (Freytdg 2001). The pressure sogigh

we thus need to know howp, varies withMg. This is espe- is defined as

cially important since on top of the condition in EQ.]16)atéhg T

d to op,(Mg), there is another constraint coming from the rez;, — 28 (17)

quirement not to saturate the CCD, namely the Gaia magnitude mg

G ShOUId be fainter than_5.6. Al the_se ponstraints may be CcWhereg is the surface gravitkg is the Boltzmann constant and
V.e”'e”t'y (_ancapsulated in boundaries in the Mg plane, as mis the mean molecular mass & 1.31x my = 1.31x 1.67 X
d|3|{|)3|ay<fe_d In F|g|h:|]9. larifv the relation b dM 10?4 grams, for temperatures lower than 10 000 K). In the above
Whic#tagggg\;: toa\t/)eetg ((::raitriglt ir?gzeeg;{é?]r; inem:@bﬁrl%zgn GI' c expressionH, has the dimension of length. But in the remainder
sion. Unfortunately, 3D hydrodynamical models in the Ateire of this paper, we adoptinstead the simplified definition:
are scarce. Their main properties are collected in Tablé8s& _ Te

simulations are of two kinds: (Jox-in-a-star models coveronly "'p = 9 (18)
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The law relating the standard deviation of the photocenter
displacement té1, may be inferred from Fig. 217 which displays
the values from Tablg] 3. The transition from the most evolved
box-in-a-star model (with logl, ~ 2.57) to our star-in-a-box
model (logH, ~ 3.85) is still unexplored; consequently, there is
no guarantee that the trend obtained atligg< 2.57 may be ex-
trapolated to large, values. Diferent trends are therefore con-
sidered in FigIl7 with a zoom in Fig.118. The linear fit of log,
as a function of lodd, considers only the box-in-a-star mod-
els of Svensson & Ludwig (2005); the parabolic function is th
best fit to all the models (including the star-in-a-box sajeant
model). However, there is strong evidence in the simulation
that the convective pattern changes strongly from the dlagt
black circle symbol in Fid.118) to the RSG simulations (bigdi
squared symbol). The convective related surface strustyney
enormously in the RSGs and together with the |dieetive tem-

perature (i.e., the molecular absorption, strongly relaethe rig 17, Fits to the standard deviatians, of the photocentric
temperature inhomogenities, is more important) increiselis- - motion predicted from 3D simulations, as listed in Table 3,
placement of the photocenter position (icep, is Ia_lrgef). Thus, against the pressure scale height The equation of the (red)
:E_he pzirab?rlllc flt_, Whlf{:h consm:etrslall the S|tmuIatlonshct?m‘at-j solid_line is -IOWPH - ~6.110+ 1.110 logH,) with Xz. - 0.17:
Ions together, IS not a completely Correéct approach bE&CAUS v, o it considers only the box-in-a-star models (filled @s}l
the physical changes reported above. Since the transégian of [Svensson & Ludwig[(2005). The (green) dashed line (with
between the box-in-a-star (giant stars) and star-in-arhodels equation logrp, = —6.275 + 1'174 logH,, + 0.039(logH)2)
(RSG stars) is still unexplored, we consider an extremettian ;" 4t 1o all the models of TébIEIS (i.e?. bo.x-in-a-sta’r) mod-
by adopting an arbitrary exponential law to relate the last t els and star-in-a-box, the latter being répresented by edfill

model simulation points (i.e., the transition region betwehe square). The (blue) dotted line is an arbitrary exponetial

box-in-a-star and star-in-a-box models). Paper | pointédfwat - 5 connects the last two points with the following equatio
the reasons for the peculiar convective pattern in RSGsiduail logorp, = —1.09 - 3.434 exp(-0.0014H,).

(i) in RSGs, most of the downdrafts will not grow fast enough t
reach any significant depth before they are swept into the-exi
ing deep and strong downdrafts enhancing the strength ghnei
boring downdrafts; (ii) radiativefiects and smoothing of small a1k P

log(c:[AU])

-4 -3 ) -1 0 1 2 3 4
log(Hp[s2 K/cm])

fluctuations could matter; (i) sphericityffects angbr numeri- ““‘...--(-ggt"i)0;'6;{""_:;;6 )OCet
cal resolution (or lack of it). o Her (set 1) o o Her (set 2).

. . 15 f v Vo 1

To see which among these three possible trends has to be .

preferred, we have made a compilation of photocentricdimsl S
ments P from interferometric observations of various super- & 2T ]
giants available in the literature (see Higl 18). Supetgiand %
Miras have been observed several times in the last decate wit™ 2.5 .

interferometers, often revealing the presence of surfaicgts
ness asymmetries. In several case®(i, « Her, ando Cet; see sl
Table[4 for the data list and references; more stars will lee pr : models Table 3 (box-in-a-star)
sented in Sacuto et al., in preparation), the observationiside ‘ ‘ . models Table 3 (star-in-a-box) M
represented by parametric models consisting of a unifosk di TP 56 28 3 32 34 36 38 4 42
plus one (or more) bright or dark spots. Using the paramefers log(H s> K/em])
the spots fitting the interferometric data, we computed thea-p ’
tions of the photocenter for all observations of a given ated  Fig. 18. Photocenter motions determined from interferometric
from there the standard deviation of these photocentritipns, observations for some evolved stars (see Thble 4) oveedlott
which was then plotted againbt, in Fig.[18. These observa-on the diferent fits of the standard deviatiers, of the pho-
tional data suggest that the exponential and quadraticffttseo tocentric motion as a function of the pressure scale heifght
simulation data are to be preferred over the linear extedfwsl The large open inverted triangles correspond to the stdrobkar
of the box-in-a-star values (Fig.]18). We stress, howeliat,the viations of the photocentre deviations for a given obsestad
surface gravity for supergiants like Her anda Ori are quite Star-in-a-box and box-in-a-star models correspond résebc
uncertain (see Tablé 4) and also the highly uncertain nigtall to the large filled square and circle.
differences might play a role here.

The number of stars with photocentric motions detectable

by Gaia as having bad fits (i.e., large goodness-d#divalues) ing expected standard deviation of the photocenter dispient
may now be estimated as follows. The Besancon Galaxy moge) taken from the exponential or parabolic laws of Fig. 17 (each

(Robin et al[ 2004) has been used to generate a sample of brigfthese two possibilities being tested separately), Wighesti-
giants and supergiantd, < 0) in the region O0< | < 180 and mated from Eq.[{24].

—20 < b < 20 of our Galaxy (wheré¢ andb are the galactic
coordinates). The reddening has been added separatefythsin 7 we note in passing that, in the Besangon sample, there igano s
extinction model from_Drimmel et all (2003). For each one afatching Betelgeuse parameters if one adoptg leg-0.3 for its sur-

the the 361 069 stars in that sample, we assign the correspdack gravity, yielding logd, = 3.85. If on the other hand, one adopts
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d < 55.5 op(Mg) (exponential)
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Fig.19. The location in the g, d) plane for supergiants with a photocenter noise (of stahdaviationop,) significantly altering
the goodness-of-fit of the astrometric solution (see téat)the case of an exponential link between box-in-a-stdrsar-in-a-box

models (see Fid. 18 and text).

We then compute the number of stars which fulfill the condshown on Figi210. Some supergiants nevertheless fall @.tisel

tion expressed by EJ._{IL6), and having at the same Gnxe5.6

crescent defined above, simply because of the scéfettiag

in order not to saturate Gaia CCD detectors. The conversen khe op, — Mg relationship (Fig[20). Obviously, all the super-
tweenV andG magnitudes has been done from the color equgiants of interest are bright in th@ band, in the range 5.6 to

tion (adopted from th&aia Science Performance documerfild):

G = V-0.0107- 0.0879 / — 1) — 0.1630 { - 1)2

+0.0086 - 1)3. (19)

With the exponential law, we found 215 supergiants (amo

about 8 and will thus be easily identifiable during Gaia data p
cessing.

With the parabolic law, only one supergiant matches the con-
ditions: it is the brightest supergiant located in the upleér

f{:ﬁrner of Fig[2D (green point in the lower panel; note that, i

the 361069 of the full sample, representing half the gatacfr'd-[19. this star is not located below the parabolic thrésfioe
plane) fulfiling these two conditions. They are displayed &S expected, because that line is based on a mpanMg re-
Fig.[19 in thed — Mg plane, and are basically confined to a credation — see Fid. 20 —, and that supergiant happens to haye a
cent delineated by the conditiofis> 5.6 (corresponding to the Value much above average, as seen on[Eiy. 20). Thus, Hig. 19

two lines with an upward concavity, labell€ > 5.6; the two
lines correspond to two values of the extinction in Géand:

suggests that the "parabolic’ link between box-in-a-stat star-
in-a-box models of Fid. 17 add 118 is a limiting case: for photo

As = 0 and 1) andl < 555 op,(Mg) (Eq. [I8), corresponding centric motions to be detected by Gaia, the vs Mg relation
- 3 0 . i)

line is based on a fiducial relationship betweas) andMg, as

logg = 0.0, we get logH, =

panel of Fig[2D, since Betelgeuse hislg = -6.4, when adopting
Mo = —7.5 from the apparent bolometric flux 1LB¥ x 107 W cm2
[2004) and the parallax 6.56 mas (van Leeiw@i®)0

V -G =098 fromV - | = 2.32 (ESA1997) and EG1®BCy = —2.05
from the apparent bolometric flux avi= 0.42 (Johnson et &I, 1966).

8 httpy/www.rssd.esa.ifindex.php?projestGAIA
&page=SciencePerformance

9 httpy/www.rssd.esa.if®Y Sdocgll _transferg
projecePUBDB&id=448635.pdf

to the green dashed line with a downward concavity). Theratf1@S 1o lie above this limiting case (depicted as the greed sol

line in Fig.[1I8).
In Fig.[19, there is a cluster of stars M = —4.5 (corre-

3.55 and Betelgeuse is then matchedponding to loger ~ 3.5 and logg ~ 0.4) which corresponds
by stars from the Besancon sample. This can be seen fronowres |

to bright giants or asymptotic giant branch (AGB) stars. yThe
are also clearly seen in Fig.]20 as the clustergt= 0.035 AU

(with the exponential law) or 0.01 AU (with the parabolic law
Since these stars belong to a populatiofiedent from super-
giants (with masses of the order 1,Mthey are not necessar-

ily confined to the galactic plane as supergiants are. Hence a
other sample, now covering a quarter of the sky£0 < 180,

b > 0°), has been generated from the Besancon model and con-
tains 702211 giants and bright giants. In this sample, 98& st
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along-scan measurements and their errors were obtained fro

0.08 o 1 the Gaia Object Generator v7.0 (GBkisasi et all 2010) for the
007 | Gpexponential fit -+ | g pergiant stars from the sample generated using the Besanc
. i op parabolic fit model described in the previous section. A photocentridonot
0.06 L x 1 deduced from the photocentre position computed from thp-sna
X shots of the red supergiant model (see Elg. 3) was added on the
5 005/ N 1 along scan measurements (the photocentric shift was deaver
< 004 b Bex XX | from linear to angular shifts, according to the known stdllia-
& >2<><><>< tance). The red supergiant model gives a single photocpotre
0.03 b Ko Ko 1 sition sequence. Yet the sequence for every star shouldfiee-di
>§<%x>>< ent. Therefore the sequence was rotated for every star hy-a ra
0.02 | %x« 1 dom angle before being added to the along scan measurements.
oor - XX 5&% X | The astrometric parameters were then retrieyed by solviag t
' OGS ST S least-squares equation (Eq. (7)), separately with ancbwitbur-
0 : : ‘ face brightness asymmetries. The resulting parallaxesare
-8 -71.5 -7 -6.5 -6 -5.5 -5 -4.5 -4 pared in F|gm
Mg Fig.[23 presents the histogram of the quantity-(@wspo) /&
3.9 for three ditferent ranges of distances. It is clearly seen that the
. distribution, quite peaked at zero for distant stars, bexwider
38 1 for nearer stars, meaning that the ratio of the error on thellpa
a7 | ﬂmﬁ iy | toits formal error increases with decreasing distanceil&ilyy
: it the fits of the astrometric data are worse for stars closer by,
T 36l ot | and this &ect is clearly seen on Fig. R4, displaying the rela-
= ﬁﬁi S tion between the goodness-of-fit paraméi@rand the distance.
35+ H 1 The run ofF2 with distance is consistent with that predicted by
= HhE Ay Eq. (12), forv = 70,0, = 0.1 AU ando,, = 0.03 mas.
g 4 T 1  Coming back to Fig-22, it is remarkable that the relative er-
. ++++ N | ror on the parallax, namelyf — @wspop /@ is almost independent
: + 7 of the distance and amounts to a few percents. This is in fact
32 N N + | easy to understand, if one assumes that tiferdincem — @wspot
+++ o+ Ll must somehow be proportional to the amplitude of the excur-
3.1 = : : : : : : : sion of the photocenter on the sky, which must in turn be re-
4 75 7 65 6 55 5 45 ated tod, the angular radius of the star on the sky; therefore,
Mg (w — wspo)/w = @b/w = aR, wherea is the proportionality

constant andR is the linear radius of the star (expressed in AU).

Fig.20. Upper panel: the relation betweerp, and Mg for X .
supergiants and bright giants, assuming either an expirahen-{hus we conclude that the re_Iatl\_/e error on the parallaxds4in
ghdent of the distance, and is simply related to the exawirsi

(red plusses) or a parabola (blue crosses) to connect the b%} X
in-a-star with the star-in-a-box models (Fig] 18). The ¢igua (1€ Photocenter expressed in AU. _
of the dashed green line (through the red plussesypis = These simulations for a sample of Betelg.eusejllke super-
~0.29 - 0.10 Mg — 0.0062 M2, whereas the equation of thediants t_hus aIIov_v us to_conflrm the results obtalned in $eflt. 6
magenta dotted line (through%he blue crossesyjs= 0.083+ (and Fig.[ID), in particular the fact that the impact on the
0.034 Mg +0.0037M(23. Lower panel: Same as the upper pan o_odness-of-flt remains noticeable up to about 5 or 6 kpc
for the relation between the pressure scale heifgptand the Fig.[22).
absolute magnitude in the Gai&band. Only stars with a de-
tectable photocentric motion (for the exponential fit: reabses; .
for the parabolic fit: green dot) have been plotted. 7. Conclusion

We have provided astrometric and photometric predictioms f

3D simulations of RSGs to evaluate the impact of the surface

satisfy the condition of detection of the photocentric raotivith brightness variations on the astrometric parameters eethtars

. : : to be derived by Gaia.
the exponential law, and none with the parabolic law. Tha-rel .
tion Mg—op, thus appears as an essential ingredient, but unfortu- We f;)und that_ tgﬁ_tglqbattlr;scale %onve(f:t;\r/]e pf?]ttetrn Or]:EESGS
nately quite uncertain still, especially for those amoreliight E?grsneas ?:(E)ngir\rﬁrlzic;;yo;na Beetg?séll,l(;g—(ljike supe? &C;b _r
giants which are pulsating as long-period variables. THegpu 9 Pergiamy, =

tion makes the modelling especiallyfigiiult (see for instance 0.132+0.065AU (i.e., more than 3% of the stellar radius) show-

= : i from 0.005 to 0.3 AU over the 5 years of sim-
Fr Hofner 2008 Chiavassa et l. 2010b, for an applfid XCUSIONs b s
cation of 3D AGB models to the star VX Sgr). Neverthelggglat'on' In addition, the spectra show large fluctuationshie
numerous observations have revealed their surface bdgbtnréd and blue Gaia bands of up to 0.28 mag in the blue and 0.15

; [elal 2 : in the red. The Gaia color index (blue - red) also fluctu-
. . . ] mag In . - . .
asymmetries (e.g.. Raglan 2006, and referencesiher ates strongly with respect to time. Therefore, the unastits

on [FgH], Ter and logg should be revised upwards for RSGs
6.2. Impact on the parallaxes due to their convective motions. We have furthermore predid
predictions for interferometric observables in the Gaterfd that

To evaluate the impact of the photocentric shift on the fexal
we proceeded as follows. The sampling times, scanning anglé® httpy/gaia-gog.cnes.fr
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Table 3. Photocenter motion from 3D simulatiorts, is given with two diferent dimensions.

Model Configuration log, logH, log(oe,) Ter logg R Mol
(K/em) (10 cm)  (AU) (K) (Ro)

White dwarf  box-in-a-star -3.92 -3.15 -10.28 12000 8.00.28110° 11.03
Surf box-in-a-star -0.68 0.12 -7.12 5780 4.44 1 474
Procyon R box-in-a-star -0.19 0.61 -6.37 6540 4.00 2.10 2.59
& Hydraé box-in-a-star 0.75 1.55 -5.45 4880 2.94 10.55 0.36
Cepheid box-in-a-star 1.66 2.46 -4.25 4560  2.00 30.17 -1.63
Red giant box-in-a-star 2.57 3.36 -3.02 3680 1.00 95.25 -3.19
RS@ star-in-a-box 3.88 4.68 -1.10 3490 -0.34 832 -7.66

alSvensson & Ludwig (2005)
b This work, Sec{_311

Table 4. References used to compute the photocentric shifts froenfevtometric data. Stellar parameters are et
(2005%) and Harper et al. (2008) farOri anda Her (set 2)| El Eid[(1994) fox Her (set 1) and_Fernié (1995) forCet. Parallaxes
are from.van Leeuweén (2007b). Only observations in the aptange have been kept.

Name lowy Ter logH, @ P A Date References
(K) log(s°K/cm) (mas) (mas) (AU) (nm)
aOfn  —03 3650 3.86 656 [Harper et al(2008) (set 1)
0.0 3650 356  6.56 [Levesque et all (20D5) (set 2)

1216 0185 700 02989 [Buscher et&l [ (1990), Wilson et al. (1992, 1997),
[Tuthill et all (1997). Young et all (2000)., Tatebe et al.

(2007)/Haubois et al. (2009)
1.637 0.249 710 (1991
0.369 0.056 700 (1992
0.694 0.106 700 01993
0.550 0.084 700 (%993
0.427 0.065 700 12993
0.144 0.022 700 11994
0.395 0.060 700 12994
0.302 0.046 700 12994
0.142 0.021 700 01995
0.025 0.004 700 01995
0.009 0.001 700 1997
—(Py 0075
(P?) 0.011
op 0.075
aHer 0.76 3400 277  9.07 El Eid (1994) (set 1)
0.0 3450 3.53 9.07 Levesque et al. (2005) (set 2)
0.340 0.037 710 Q1992 [Tuthilletal.[(1997)
0.765 0.084 710 (@993
~(Py 0.060
(P2  0.004
op 0.033
oCet -0.6 2900 406 10.91 Tuthill et all (1998)

1.202 0.110 710 Q7992
0.850 0.078 700 01993
0.990 0.091 710 02993
1.950 0.179 710 12993
Py 0.114
(P?y 0.015

can be tested against observations with interferometefs @si  directionwise). We called this quantityp,, whereé is the po-
VEGA at CHARA. sition angle of the scanning direction on the sky, and we doun

Then we studied the impact of the photocentric noise on tﬁlé’é n:oi%fa)i:r? ggrciﬁili%?alés\?v}&(e_sugpoergg?iﬁéTeﬁléfggt?ﬁ:n-
astrometric parameters. For this purpose, we consideeesidi- n = SVH

e : : along-scan position) for Gaia to determine the maximum dis-
dard deviation of the photocenter displacement predicyeitid® ; : . :
RHD simulation, sampled as Gaia will do (both timewise ant8mce @ < 44 kpc) up to which a photocentric motion with
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Fig.21. Comparison of parallaxes for supergiant stars with and ) .

without surface brightness asymmetries (Spots), noredlie Flg 23 HIStOgramS of the relative er.ror on the paraIIaX of su-

0. The stars falling on the horizontal line with ordinate 0 arBergiant stars, for dierent ranges of distances.

very reddened stars, are consequently quite faint, aneftrer

have large errors on their astrometric measurements asdthu . T T y T T T

their parallax. )

0.08 T T T T g T T
0.06

0.04

F2-F2,

0.02

0

-0.02

(@ - B/

-0.04

-0.06

-0.08

distance [kpc]

-0.1 . . . . . . .
0 1 2 3 4 5 6 7 8 Fig.24. Same as Fig. 21 for the goodness-ofHit. The solid

distance [kpe] line corresponds to the prediction from EQ.](12), with= 70,
op, = 0.1 AU ando,, = 0.03 mas. Part of the large scatter at
ermediate distances (2 to 4 kpc) is due tidetient CCD gating

sequence (see de Bruijne 2005; Lindegren 2010).

Fig.22. Same as Fid. 21, but normalized by the parallax. No
how the relative parallax error is almost independent oftise
tance.

We estimated how many RSGs might have have an abnor-
op, = 0.08 AU will generate an astrometric noise of the ordemally large goodness-of-fit parameteR. We found that the
of the astrometric error on one measurement (more predsely photocentric noise should be detected by Gaia for a number
times that error, yielding an increase of th@ goodness-of-fit of bright giants and supergiants varying between 2 and about
parameter by 2 units). The valug,, = 0.08 AU could even 4190 (215 supergiants in each half of the celestial sphetle an
be somewhat underestimated, as we guessed from the compd6 bright giants in each quarter of the sphere; see Bedt. 6.1
ison of the along-scan Hipparcos residuals for Betelgele wdepending upon the run efp, with the atmospheric pressure
the RHD predictions. We concluded that the predicted plestoc scale heightHp, and to a lesser extent, depending on galactic
tric noise does account for a substantial part of the Hipgarcextinction. The theoretical predictions of 3D simulatiqme-
‘cosmic noise’ for Betelgeuse and Antares, but not for altof sented in this work will be tested against the multi-epoch in
This may be due to the fact that the temperature stratificatio terferometric observations of a sample of giants and sigesy
the RHD models is not completely correct due to the grey afSacuto et al. in preparation), with the hope to better gairst
proximation used for the radiative transfer. The resultirign- this op, — Hp relation. In a forthcoming paper (Pasquato et al.,
sity maps have higher contrast than the observations, asnshan preparation), we will evaluate how the Gaia reductiorepipe
in Paper Il, and the photocenter position can thus also be B&haves when facing the bright-giants and supergiantsitzan
fected. New simulations with wavelength resolution (ir@n- tion. More specifically, we will show that the distance to star
grey opacities) are in progress and they will be tested agaiis the main driver fixing which one among all the possible solu
these observations. tion types (single-star, acceleration, orbital, stodoass actu-
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ally delivered by the pipeline (the acceleration and otlsitdu-
tions being obviously spurious).

ESA. 1997, The Hipparcos and Tycho Catalogues (ESA SP-1200)
Fernie, J. D. 1995, AJ, 110, 2361

; ; ; ; reytag, B. 2001, in 11th Cambridge Workshop on Cool Staed|as Systems
Finally, a very important conclusion is that the parallax fo~ and the Sun, ed. R. J. Garcia Lopez, R. Rebolo, & M. R. Zagatsorio

Betelgeuse'“ke supergiants may bﬁeated by an error_Of afew (Astronomical Society of the Pacific Conference Seriesuivid 223), 785

percents. For the closest supergiamts<{ 2.5 kpc), this error Freytag, B. & Héfner, S. 2008, A&A, 483, 571

may be up to 15 times the formal erioy, (see Figl2ll) resulting Freytag, B., Sten, M., & Dorch, B. 2002, Astronomische Nachrichten, 323,

from the measurement errors and estimated from the cowiag r§y13D F. 2000, ApJ, 532, 457

mam).(' Ina forthcomlng paper .(Pasqua.to et al‘_’.m prepmn;a,t_ Gustéfsson, B., I’Edvar’dssoh, B., Eriksson, K., et al. 20@3) A186, 951

we will moreover show that this error is sensitive to the timgarper, . M., Brown, A., & Guinan, E. F. 2008, AJ, 135, 1430

scale of the photocentric motion (which is in turn fixed by theaubois, X., Perrin, G., Lacour, S., et al. 2009, A&A, 508392

granulation and the stellar rotation). Isasi, Y., Figueras, F., Luri, X., & Robin, A. C. 2010, in Higihts of Spanish
There is little hope to be able to correct the Gaia parallaxes/Sfrophysics V. ed. J. M. Diego, L. J. Goicoechea, J. |. GéeSerrano, &

f RSGs from this parallax error, without knowing the run of J. Gorgas (Berlin: Springer Verlag), 415 o ;

0 . p » g ! ohnson, H. L., Iriarte, B., Mitchell, R. I., & Wisniewski, WZ. 1966,

the photocentric shift for each considered star. Neveg8®elit  communications of the Lunar and Planetary Laboratory, 4, 99

might be of interest to monitor the photocentric deviatifms Jordi, C. & Carrasco, J. M. 2007, in The Future of Photometric

a few well selected RSGs during the Gaia mission. |dea||$ th Spectrophotometric and Polarimetric Standardization, €d Sterken

N . 7 (Astronomical Society of the Pacific Conference Seriesuivid 364), 215

would require imaging the stella( surface, a_Ithough maomp Jordi, C.. Gebran, M., Carrasco, J. M.. et al. 2010, AGA, 5283+

of the phase closure on threefédrent base lines may alreadyi evesque, E. M., Massey, P., Olsen, K. A. G., et al. 2005, A28, 973

provide valuable information on the size of the inhomogée®i Lindegren, L. 2010, in Relativity in Fundamental Astronanynamics,

present on the stellar surface (see Sacuto et al., in ptégpgra  Reference Frames, and Data Analysis (IAU Symp. 261), ed.. Klianer,

The best suited targets for that purpose would be supeegiantE'ni\féer%ﬁgz?”ég‘é‘_%sH' SEel, Vol. 261 (Cambridge: Cambridge

with G magn'tUdes JL_jSt_ above _the G_a|a saturatlon limit of 5"éindegren, L., Babusiaux, C., Bailer-Jones, C., et al. 2008A Giant Step:

where the_aStl’OW_letl’l_C Impact Is going to be maximum, and atfrom Milli- to Micro-arcsecond Astrometry (IAU Symp. 2483d. W. J. Jin,

the same time, still within reach of the interferometerse Thr- . Platais, & M. A. C. Perryman (Cambridge: Cambridge Ursitgr Press),

responding diameter will be on the order of 4 mas (deriveghfro  217-223

the radius 83®, for a Betelgeuse-like supergiant seen at a di%“dWig' H.-G. 2006, A&A, 445, 661

tance of 2 kpc ifG = 5.6, Ag = 1, andMg = —6.6). A search

for G, K or M supergiants (of luminosity classes I, la, lab oy |

uri, X., Babusiaux, C., & Masana, E. 2005, in ESA Special lieakion,
\Vol. 576, The Three-Dimensional Universe with Gaia, ed. Quon,
K. S. O’'Flaherty, & M. A. C. Perryman, 357

with 5.6 < V < 8 in the SIMBAD database yielded only thregViourard, D., Clausse, J. M., Marcotto, A., et al. 2009, A&A851073

stars (XX Per, HD 17306 and WY Gem) matching these criteri

the latter being a spectroscopic binary which will disturb ta-

errin, G., Ridgway, S. T., Coudé du Foresto, V., et al. 28@&A, 418, 675
érryman, M. A. C., de Boer, K. S., Gilmore, G., et al. 2001,/&69, 339
Platais, I., Pourbaix, D., Jorissen, A., et al. 2003, A&A73997

dius measurement and is thus unsuited for this purpose.yit M&urbaix, D. & Jorissen, A. 2000, A&AS, 145, 161
therefore be necessary to select such targets from the @tia @ress, W., Teutolsky, S., Vetterling, W., & Flannery, B. 299

themselves, after the first year of the mission.

Ragland, S., Traub, W. A., Berger, J., et al. 2006, ApJ, 650, 6
Robin, A. C., Reylé, C., Derriere, S., & Picaud, S. 2004, A&16, 157
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Appendix A: Formal errors on the parameters of a
least-squares minimisation

We provide here a short demonstration of a well-known sta-

tistical result (see e.g. lal. 1992), which may appe
counter-intuitive in the present context, namely the fhet the
presence of an extra-source of unmodelled noise will natgea
the formal errors on the parameters derived from a leasiregu
minimisation.

Consider the case where the data pointsy() (i = 1,...N)
must be fitted by a general linear model

y(X) = I ak Xu(X) (A1)
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whereXk(X) (k = 1,...M) areM arbitrary (but known) functions
of x, which may be wildly non linear. The merit function is de-
fined as

N M 2

yi — XL A Xi(x)

X2 _ ['kl— , (A.2)
i=1 i

whereo; is the measurement error gnpresumed to be known.

To simplify the notation, we define ttdesign matrix A (of size

N x M) by
Xi(%
Aj = L’ (A.3)
o
the vectob of (normalized) measured values, of lengith
b= L (A4)
Ti

and finally the vectom of length M whose components are
the parametersy (k = 1,...M) to be fitted. The least-squares
problem may thus be rephrased as

find a that minimizesy? = |A - a— b?,
whose solution may be written

(AT-A)-a=AT-b, (A.5)

. = . . .
with C = (AT-A) " being the variance-covariance matrix de-

scribing the uncertaintie$ of the estimated parameteas The
crucial point to note here is the fact that mat@xinvolves the
measurement uncertaintiesbut not the measuremernjishem-
selves. Therefore, changing, in the presence of an unmod-
elled process (like photocentric motion) without changihg
measurement uncertainties, will not change the formal errors
on the resulting parameteas But of coursey? along with the
goodness-of-fit parameter2 (see Eq.[(Z10)) will be larger in the
presence of a photocentric noise, as the scatter arouncettte b
astrometric solution will be larger than expected solebyrfithe
measurement errors. Therefore, itA® and its associateg?,
but not the formal parallax error, which bear the signatidtbe
presence of photometric noise.

11 In fact, this statement only holds in the case where the trpr
are normally distributed, which is supposed to be the casthéospe-
cific problem under consideration (namely, the Gaia alaragramea-
surement errors).
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