N

N

Fast ray-tracing algorithm for circumstellar structures
(FRACS). II. Disc parameters of the Ble] supergiant
CPD-57° 2874 from VLTI/MIDI data
Armando Domiciano de Souza, Philippe Bendjoya, Gilles Niccolini, Olivier
Chesneau, Marcelo Borges Fernandes, A. C. Carciofi, A. Spang, Philippe Stee,
Thomas Driebe

» To cite this version:

Armando Domiciano de Souza, Philippe Bendjoya, Gilles Niccolini, Olivier Chesneau, Marcelo Borges
Fernandes, et al.. Fast ray-tracing algorithm for circumstellar structures (FRACS). II. Disc parameters
of the Ble] supergiant CPD-57° 2874 from VLTI/MIDI data. Astronomy and Astrophysics - A&A,
2010, pp.00. hal-00518485v2

HAL Id: hal-00518485
https://hal.science/hal-00518485v2
Submitted on 23 Sep 2010

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est

archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://hal.science/hal-00518485v2
https://hal.archives-ouvertes.fr

Astronomy & Astrophysicsnanuscript no. FRACS GGCar CPD-57 2874.hyper30165 © ESO 2010
September 23, 2010

Fast ray-tracing algorithm for circumstellar structures ( FRACS)
Il. Disc parameters of the B[e] supergiant CPD-57  ° 2874 from VLTI/MIDI data *

A. Domiciano de SouZaP. Bendjoya, G. Niccolint, O. Chesnedy M. Borges Fernandés,
A.C. Carciof?, A. Spang, P. Steé, and T. Drieb&®

! Laboratoire H. Fizeau - UMR CNRS 6525 - Université de Niaggifia Antipolis (UNS), Observatoire de la Cote d'Azur (OGA
Campus Valrose, F-06108 Nice cedex 2, France

2 Observatorio Nacional, Rua General José Cristino, 792200, Sao Cristovao, Rio de Janeiro, Brazil

3 Instituto de Astronomia, Geofisica e Ciéncias Atmasts, Universidade de Sao Paulo (USP), Rua do Matao 12@@d€
Universitaria, Sao Paulo, SP - 05508-900, Brazil

4 Max-Planck-Institut fur Radioastronomie, Auf dem Hiig6l D-53121 Bonn, Germany

5> Deutsches Zentrum fur Luft- und Raumfahrt, Raumfahrt-#tgg Konigswinterer Strasse 522-524, D-53227 Bonn, G@ym

Received ; Accepted
ABSTRACT

Context. B[e] supergiants are luminous, massive post-main sequeace exhibiting non-spherical winds, forbidden lines] aot
dust in a disc-like structure. The physical properties efrthich and complex circumstellar environment (CSE) arewell under-
stood, partly because these CSE cannot be easily resoltieel large distances found for B[e] supergiants (typically kpc).

Aims. From mid-IR spectro-interferometric observations olgdinwith VLTI/MIDI we seek to resolve and study the CSE of the
Galactic B[e] supergiant CPD-52874.

Methods. For a physical interpretation of the observables (vidibsi and spectrum) we use our ray-tracing radiative trarsfde
(FRACS), which is optimised for thermal spectro-interferdiric observations.

Results. Thanks to the short computing time required by FRAGS1Q s per monochromatic model), best-fit parameters and un-
certainties for several physical quantities of CPD-B374 were obtained, such as inner dust radius, relative iakibution of the
central source and of the dusty CSE, dust temperature prafitedisc inclination.

Conclusions. The analysis of VLTMMIDI data with FRACS allowed one of the first direct determioas of physical parameters of
the dusty CSE of a B[e] supergiant based on interferomeaittia dnd using a full model-fitting approach. In a larger cxintae study

of B[e] supergiants is important for a deeper understandfripe complex structure and evolution of hot, massive stars

Key words. Stars: individual: CPD-572874; Methods: observational, numerical; Techniques higgular resolution, interferomet-
ric; Stars: emission-line, Be

1. Introduction phase of ongoing or recently ended rapid mass transfer astd du
formation.
The BJe] stars form a heterogeneous group composed of ob-
jects at diferent evolutionary stages, but with many similar ob- One of the B[e] sub-classes is composed of luminous
servational signatures characterising the so-called]’Bfee- (log(L«/Le) 2 4) post-main sequence objects: the B[e] super-
nomenon”: simultaneous presence of hydrogen emissios, lingiant stars (hereafter sgB[e]). Previous spectroscopic ot
low-excitation forbidden and permitted metallic lines imie- larimetric observations of sgB[e] (e.g. Zickgraf et al. 598
sion, and a significant infrared (IR) excess mainly causeddty Magalhdes 1992) show that the wind of these massive and lumi
circumstellar dust. Another common property of B[e] starthie nous stars is composed of two distinct components: (1) a wind
presence of a non-spherical circumstellar environmemeéfeer  of low density and high velocity and (2) a wind of high den-
CSE; e.g. Zickgraf 2003). sity and low velocity. Zickgraf et al. (1985) proposed a piet
\gpere the sgB[e] winds consist of a hot and fast radiatiovedr
polar wind and a slow, much cooler and denser (by a factor of
107 or 10°) equatorial wind. This disc-like structure provides a
natural explanation for the existence of dust around thdse o
jects, because the presence of dust requires regionsfiof su
ciently high density and low kinetic temperatures. One iidess
Send offprint requests to: A. Domiciano de Souza explanation for this two-component C_SE is that rapid r(_)tati_

* Based on VLTIMIDI observations collected at the Europeargf the central star lee_‘ds _to the for”.‘a“c?” of an equato.m di
Southern Observatory (ESO), Paranal, Chile under ESO @moges Pecause of the combination of rotation-induced bi-stabind
074.D-0101 and 078.D-0213. Also based on observationseaE80 rotation-induced wind compression (Lamers & Pauldrachl199
2.2-mtelescope, La Silla, Chile, under agreement with thes@vatorio  Bjorkman 1998; Pelupessy et al. 2000). Other mechanisrob, su
Nacional-MCT (Brazil). as binarity, are evoked to explain the disc-like CSE, butrin a
Correspondence to: Armando.Domiciano@obs-azur.fr case, rapid rotation seems to play a key role in the origin of

Lamers et al. (1998) defined five B[e] sub-classes, one
which contains unclassified stars. Miroshnichenko (200@) p
posed an additional B[e] sub-class (the FS CMa stars) taexpl
at least part of the unclassified B[e]-type stars as binaies
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these discs (e.g. Meynet & Maeder 2006). Owing to their physibservations (Secﬂ. 5). A discussion of the results andahela-
cal characteristics (fast rotation, disc-like CSE, highinosity, sions of this work are presented in Sef}s. 6[dnd 7, respictive
evolutionary status), it has also been suggested (Vink 2080)

that sgB[e] might share evolutionary links with rapidlyatihg .

O-stars and long-duration gamma-ray bursts (GRBs). 2. VLTI/MIDI observations

Because of the large distances of sgB[e]1 kpc for the 1 jhierferometric observations of CPD2®B74 were per-
closest ones), the geometry and physical structure (ergitgie _formed with MIDI, the mid-infrared 2-telescope beam-congsi

and temperature distribution) of their CSE could be OnlytE“‘W'instrument of ESO’s VLTI (Leinert et al. 2004). All four 8.2 m

recently directly probed, thanks to modern high angulaoltes t telescopes (UTs) were used. The N-band spectrum as well

uni
tion (HAR) techniques. For example, Domiciano de Souza.et ﬁg spectrally dispersed fringes have been recorded between
(2008) used ESO's VUVISIR instrument to directly measure7.5,u|[r)n and/ly: 1§5pm with ga spectral resolution & ~ 30 us-

the typical size of the dusty CSE of the sgB[e] MWC 300 frory 45 nrism. In totalns = 10 data sets have been obtained with
diffraction-limited mid-IR images. Among HAR techniques, Opf)rojected baseline{,;) ranging from= 40 m to=~ 130 m, and
tical/IR long baseline interferometry (OLBI) provides the highp o aline position angkles (PA) betweers® and~ 105 (f’rom
est resolving power, allowing the study of sgB[e] CSEs atangyq i, 1o East). A summary of the VLIMIDI observations of

lar resolutions~ 1 — 10 milliarcseconds (mas). For examplecpp_57 2874 is gi in Tablél1. and th di .
Millour et al. (2009) combined adaptive optics (VINACO) plane coveragésisg%eor\]/vlr?in?Zﬁﬂl.y and the corresponding uv

and OLBI (VLTI/AMBER and VLTI/MIDI) to detect a compan-
ion around the sgB[e] HD 87643 and to perform an extensive

study of the dusty CSE of the binary system. Table 1. Summary of VLTJMIDI observations of CPD-

In the examples above as well as in most works based B 2874: data set index, date, Coordinated Universal Time
HAR data of sgBle], two dferent strategies are commonlyUTC) of observation, baseline configuration, projectestiae
adopted to interpret the observations: (1) geometricalyéina |ength and position angle.
cal modelling and (2) radiative transfer modelling (e.dngghe
Monte Carlo approach). The geometrical analytical modalgh # date tobs UT config. By PA
the advantage to be very fast to calculate, allowing a fullieto (UTC) (m) )
fitting (for example a2 minimisation) and error estimate of the ~ 1, 2004-11-01  08:51:55 UT2-UT4 851  37.8
model parameters (mostly geometrical parameters of the.CSE 2@ 2004-12-29  05:52:12 UT2-UT3 452 186
However, these simple models do not give access to physical 33 2004-12-29 07526506 UT2-UT3 439 351
parameters of the targets such as temperature and derssity di o 2004-12-31 06j04j03 UTs-uT4 548 79.6
butions, optical depths, etc. On the other hand, most radiat > 2004-12-31  08:02:48  UT3-UT4 609 1048

! ! ’ . N ) 2006-11-09 07:15:36 UT1-UT4 129.7 8.6
transfer models present a consistent description of theiphy 7 5006.12-13 083555 UT1-UT3  93.8 28.6
cal conditions of the CSE. However, because these models areg  2006-12-31 08:13:05 UT1-UT4 1258 63.5
quite complex, they demand a lot of computing time, whichpre 9  2006-12-31 08:59:06 UT1-UT4 1218 725
vents one from exploring a large domain of the parameterespac 10 2007-01-05 08:35:09 UT1-UT3  88.1 4238
and also from obtaining a good estimate of the uncertaioties
the fitted parameters. In this work we adopt a third approacii Data previously used by DS07.
for the data modelling, which tries to keep the advantagdiseof
other approaches, without the drawbacks. To this aim we wise o
fast ray-tracing algorithmfor circumstellar structures (FRACS),
which is based on a parametrised CSE combined to a simpli- N
fied radiative transfer (no scattering). A complete desicnipof 140
this algorithm is given in Niccolini, Bendjoya & Domician@d 4501 ®
Souza (2010; hereafter paper I). 1001 '

In the present paper we apply FRACS to study the CSE ofthe ™ |
Galactic sgB[e] CPD-572874 (also named Hen 3-394, WRAY . 80—
15-535) based on mid-IR spectro-interferometric obs@mat & 60 -/
performed with ESO’s VLT/MIDI beam-combiner instrument. g ]
Previous near- and mid-IR interferometric observatiorSBD- —
57° 2874 directly revealed an elongated CSE that is compatib,% /7
with a disc-like structure formed by gas and dust (Domician§ 01
de Souza et al. 2007; hereafter DS07). However, because offly20 4"/ ‘
a limited number (four) of baselines was available and sinG@ 49 1\ </~ / ‘
the authors adopted simple analytical models, only gesmeti 0 1 == L
cal parameters could be derived from this first analysis dCP g |
57° 2874. As shown below, the use of FRACS allowed usto cof- 80—\~ ./
firm the previous results and, most importantly, to derivegph 100 4 ’
cal parameters for this Galactic sgBJe]. 120 1

In Sect.[R we give the log of the VLIMIDI observations 1
and describe the data reduction procedure. In $pct. 3 we pro- " gp.  165°
vide a new distance estimate of CPD*2874 obtained from
spectroscopic observations with FEROS. A short remindtveof
ray-tracing code FRACS is presented in SEct. 4, followedhbyt  The MIDI data were reduced with the MWEWS data re-
results obtained from a model-fitting analysis of the VIMIDI  duction package, which includes twofi@rent sub-packages:

15°

20/

Fig.1. uv-plane coverage:
projected baselines (length
135° and position angle) for the
VLTI /MIDI observations of

CPD-57 2874 (further de-

tails are given in TabIH 1).
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Table 2. Observation log and angular diameters of calibratofi@ble 3.Equivalent widths (EW) of the Na | absorption lineisi(
(values from DS07) used to derive the calibrated N-bandiisi 5890 A, 5896 A), obtained from our FEROS data. The relative

ities of CPD-57 2874. uncertainty of these measurements is about 20%.
date tobs UT config.  Calibrator @up
(UTC) (mas)
2004-11-01 09:28:16 UT2-UT4 HD94510 .18+0.11 Line 58904 58964
2004-12-29 04:12:26 UT2-UT3 HD37160 .08+ 0.20 abs. comp. 1 abs. comp. 2 abs. comp. 1 abs. comp. 2
2004-12-29 05:29:32 UT2-UT3  HD37160 .08+0.20 WA 0.11 0.80 0.05 0.70

2004-12-29 06:13:08 UT2-UT3  HD50778 .95+0.22
2004-12-29 07:47:21 UT2-UT3  HD94510 .15+0.11
2004-12-31 02:15:59 UT3-UT4  HD50778 .95+0.22
2004-12-31 03:04:33 UT3-UT4 HDS50778 .95+0.22

2004-12-31  06:31:19  UT3-UT4  HD94510 .1B+011 3 FEROS observations and distance estimate
2004-12-31 07:19:17 UT3-UT4 HD107446 .54+0.23

2004-12-31 07:41:22 UT3-UT4  HD94510 .18+0.11 In addition to our mid-IR interferometric observations, we
2006-11-09  07:45:21  UT1-UT4  HD94510 .18+011  obtained high-resolution optical spectra of CPD-2874.

2006-12-13  02:04:34  UT1-UT3 ~ HD23249 .33+00l1  The spectra were recorded with the high-resolution Fibdr-f
2006-12-13  08:10:27  UT1-UT3 ~ HD94510 .18=0.11  pyiended Range Optical Spectrograph (FEROS), attachée to t

2006-12-13 08:54:41 UT1-UT3 HD94510 .18+ 0.11 - . h -
2006-12-31 065810 UT1-UT4 HD94510 1B+ 0.11 2.2-m telescope at ESO in La Silla (Chile). FEROS is a bench-

2006-12-31 07-44'55 UT1-UT4 HD94510 1B 011 mounted Echelle spectrograph with fibers, covering a sk are
2006-12-31 08:37:22 UT1-UT4 HD94510 .1B+0.11 of ~ 2” x 2” and a wavelength range from 3600 A to 9200 A.
2007-01-05 08:08:04 UT1-UT3  HD94510 .18+0.11 Its spectral resolution iR ~ 55000 (around 6000 A). We have
adopted its complete automatic online reduction, whichuites
the heliocentric correction. The FEROS spectra were obthin
the MIA package developed at the Max-Planck-Institut fif" 2008 December 21. We recorded two exposures of 1000 sec-

Astronomie, and the EWS package developed at the Leig@nds with $N of ~ 60 in the 5500 A region.
Observatorfj. These observations were used to estimate the distance of
While MIA is based on the power spectrum analysis, whicBPD-57 2874. A previous distance estimated£ 2.5 kpc has
measures the total power of observed fringes (Leinert et Bgen proposed by McGregor et al. (1988), assuming thatttis s
2004), EWS coherently adds the fringes after correctionfoir  belongs to the Carina OB association.
cal path diferences (instrumental as well as atmospheric delays) From our FEROS high-resolution spectra it is possible to es-
in each scan (J&e et al. 2004). The data reduction results olitmate the distance of CPD-52874, based on the statistical re-
tained with the MIA and EWS packages agree well within d@ation cited by Allen (1973). This relation uses the equavel
uncertainties. widths of interstellar Nal lines. In our data, each Nal lige i
The instrumental transfer function at each spectral chagéemposed of two absorption components. However, owing to
nel was obtained from the observations of calibrator statis wthe lack of data from dierent epochs, it is impossible to see
known uniform-disc diameters7f,p). The calibrators used in any temporal changes, which would allow us to derive a possi-
the data reduction and the adopted angular diameters aed-unile circumstellar contamination. We have therefore assitie
tainties are listed in Tablg 2. The calibrated visibilitiesre cal- both Nal components are of interstellar origin. The measure
culated from the ratio of the targets’ raw visibilities ahé ver- equivalent widths are given in Tabje 3. Our estimated distan
age transfer function derived from the calibrator measersm for CPD-57 2874 isd = 1.7 kpc with an uncertainty of 0.7 kpc.
of the corresponding night (Fi] 3). The error of the calibda This large error is firstly due to a possible contaminatiamfr
MIDI visibilities is of the order of~ 5% — 10% and includes the the circumstellar emission component and the saturatidheof
raw visibility error as well as the error of the transfer ftinn. absorption one, and secondly to a systematic error caustby
The uncertainties on the calibrator angular diameter agligie Statistical relation used. Within the error bars, our distaes-
ble compared to the standard deviation of the transfer fomct timate is roughly compatible with the result of McGregor ket a
Usually,~ 3 - 5 calibrator measurements per night were avai(1988). We have considered both distances in our analysis: 1
able (Tablg]2). In the few cases where only one suitable caird 2.5 kpc.
brator observation was available we assumed a typicalfeans
function error of 5% to estimate the errors on the final caliéd
visibilities. 4. Description of the model FRACS
VLTI /MIDI also provides spectral fluxes of CPD-52874 in . i
the N-band. On average, all fluxes are compatible withk0% Here we present a short_des_crlptlon of our num(_arlcal model
with those previously presented by DS07 (MIDI and 1ISO-sWERACS anq t.he parametrisation ad_opted to describe a sgBle].
spectra). We here considered the VIMIDI spectrum used by A full description of FRACS is given in paper I. _
DS07 with an uncertainty of 20% (Fi] 4). This larger uncer- FRACS is based on the ray-tracing technique using quadtree
tainty ensures a complete agreement between the obser@id Mneshes for the grid and the full symmetries of the problem to
and ISO fluxes at all wavelengths. We note that the mid-IR-spdtand to significantly decrease the computing time neceseary

trum of CPD-57 2874 does not show any clear evidence of a@Ptain monochromatic images (calculated with 2G00 pixels)
important silicate feature around 1@n. within seconds. Complex visibilities and fluxes can be diyec

derived from these monochromatic images. FRACS neglects
1 The MIA+EWS software package is avail- Scattering, an approximation well suited to interpret gqmec

able at http/www.mpia-hd.mpg.dé1IDISOFT/ and interferometric observations in the thermal IR. Indeedneo

httpy/www.strw.leidenuniv.nTneve¢MIDI /index.html. pared to absorption of light from dust, scattering can be ne-
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glected in the IR and beyond (paper I; Lamers & Cassinelli The parametef; indicates how much faster the polar wind
1999). is compared to the slow equatorial wind+#Ay,) is the equatorial
To analyse the VLTMIDI data of CPD-572874 we to polarterminal velocity, i.eV.(90°)/v«(0°). This parameter is
adopted the same parametrised description of a sgB[e]r&denalso quite uncertain and in principle can assume valuesnmgng
star and dusty CSE) as given in paper |. Below we summarise fh@n ~ 1 to~ 100. We kep#; as a free parameter, although it is
main equations of this description in axis-symmetric sjgaér not well constrained from the observations as shown in txé ne
coordinates, and define the free parameters used in the modettions.
fitting. Finally, parametem controls how fast the mass loss (and
We assume the specific intensity from the central regions @dnsequently the density) drops from the equator to the. pole
the star to be a power-law with spectral indexnd Ievellj0 at Defining the disc opening angl&dy as the latitudinal range

a fiducial wavelengtily = 10um: within which the mass loss rate is higher then half its equato
rial value, we have
/10 a
15=15, (—) . (1) AL— 1) 1)7
A — 1~ ~ =
Aby = 2arcco:{ ™ ) ~ 2arccos{ 2) . (4)

This emission from the central region includes a contrdmuti
from the stellar photosphere and from the continuum rastiati  High m values correspond to thinner regions of high den-
(free-free and free-bound) of the circumstellar ionises. gde sity around the equator. These dense, slowly flowing dise-li
spectral index: is sensitive to the nature of the central sourceegions around the equatorial plane of sgB[e] stars provide
Panagia & Felli (1975) and Felli & Panagia (1981) give theorefavourable conditions for dust to form and survivefiBient ap-
ical values for the spectral index for spherical envelopes:4 proaches exist to define regions of dust formation (e.g.iGfrc
for a blackbody andr ~ 2.6 for a fully ionised gas (free-free Miroshnichenko, & Bjorkman 2010). Here we adopt the rela-
emission) with an electron density proportionat té. Their es- tively simple assumption where dust is allowed to exist only
timates are valid within the Rayleigh-Jeans domain of treesp within the disc opening angle, i.e., at co-latitudes betwa@ —
trum, which fits to our case when we consider the hot centi@bAfdy and 90 + 0.5A8.
parts of a sgB[e] in the mid-IR. The dust grain opacity was calculated in the Mie theory (Mie
A radiusRs = 54R was adopted for the central region. Thisl908) for silicate dust and for a dust size distribution da#
value is used simply as a scaling factor and to conieto the ing the commonly adopted MRN (Mathis, Rumpl & Nordsieck
observed 1@m flux from the central region: 1977) power-lawx a=3°, wherea is the dust grain radius. The
Mie absorption cross sections are computed from the optieal
s Rs\? s dices of astronomical silicate (Draine & Lee 1984; see akso p
Flo = ”(E) % - (2) per 1). One possibility to reproduce the absence of a sdifed-
) ) ture in the N-band spectrum of CPD<52874 is to have rela-
We note that at distances of a few kpc the central regions Ofi\f;’ely large grain sizes. We thus used grain radii rangirognfr
sgBle] are not resolved by VLIMIDI and can thus be consid- 3 = 0.5 to 50 um, which can relatively well reproduce the ob-
ered as point sources. _ _ __served spectrum (Fig] 4). We checked that ignoring scageri
~ For the gas number density we adopt the bi-modal distribkemains a valid assumption for this dust distribution withge
tion used by Carciofi, Miroshnichenko, & Bjorkman (2010) tgyrains. By neglecting the dust albedo the visibilities aneteb

study another B[e] star. Similar density distribution dg#®ns are dfected by only a few percens(3.5%) within the N-band
were adopted for Be stars (e.g. Stee et al. 1995). The adoptgther details in paper I).

distribution is motivated by the two-wind scenario probby The temperature structure of the dusty CSE is given by
Zickgrafetal. (1985) and assumes a fast polar wind, a slmaeq )

torial outflow, and a latitude-dependent mass loss ratentihe T@) =T (&) i (5)
ber density of dust grains is therefore given by

. whereTj, is the dust temperature at the disc inner raddys
n(r, 6) = nin (&)2 (1 + A2) 1+ A (sin6)™ ’ (3) €., the dust sublimation temperature. To be consistetht otir
r 1+A1) 1+ Az (sing)™ choice of dust composition we require tha§ < 1500 K. The
codficienty is expected to assume valued.
Finally, because OLBI is sensitive to the projection of the
object’s intensity distribution onto the sky, there are vmles
related to this projection:

where ¢, 6) are the radial coordinate and co-latitude, aqdis

the dust grain number density @t 90° and atr = R;,, which

is the inner dust radius where dust starts to survive. Dusirnis

fined betweerR,, and the outer dust radil®,,. The value of

Rout cannot be determined from the VI/MIDI data and has - the inclination of the disc plane towards the obseivl’

been fixed to a high value: 750 AU (the exact value does not for pole-on view and 90for equator-on view).

affect our results). — the position angle (from North to East) of the maximum
The parameteA; controls the ratio between the equatorial elongation of the sky-projected disc PAThis angle is de-

and polar mass loss rates. More precisely @;) specifies the fined fori # 0°.

ratio between the mass loss rate per unit solid angle in tha-eq

tor and the pole. In the bi-modal scenario, the poles arewssu  T1hus, the 10 free parameters ) of the model aret , o,

to be much less dense than the equator, therefpraust have Tin, ¥, Rin, i, PAg, A2, Nin, andm.

a large valueX 10). Our models indicate that for a wide range

of values this parameter does not have a strong influencegongh Model-fitting with FRACS

results because it can always be compensatex lisee also dis-

cussion in paper ). Therefore, we have arbitrarily fixed- (A1) Here we use FRACS with the parametrised sgB[e] description

to 50. defined in the last section in order to interpret the VVMIDI
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observations of CPD-52874 through a model-fitting proce-
dure.

To ensure spectrally independent observations for the mode
fitting we decided to consider one data point every.5um
between &m and 13um. This step approximately corresponds
to twice the used spectral resolution widthi( = 2/R).
Additionally, to avoid poor visibility calibration owingot the
Earth signature of ozone aroundsgm we have not included
observations in this spectral region in our analysis. Bmnal
the same spectral sampling,( = 10 wavelengths points)
was adopted for the VLTMIDI visibilities and spectrum. This
choice also provides faster calculations because it is eces
sary to compute model images at too many wavelengths.

We have performed g2 minimisation simultaneously on the
VLTI /MIDI visibilities and fluxes using a Levenberg-Marquardt
(LM) algorithm (Markwardt 2008). In order to treat the vidib  Fig. 2. Intensity map of CPD-572874 at 1Qum for the best-fit
ties and fluxes on the same level (similar weights) we have miBRACS model obtained for a distande- 1.7 kpc (see Tablf 4).
imised ay? like quantity defined as (see further details in papdihe image scale is in log of the specific intendity

):

n ne [ryobs_\ 2 (FOPS_ 2 ofon_im, revealing, for instance, potential correlations between
X¥P= Z ( k ) +[ | ] , (6) certain parameters.

S OVk OF, We have estimated the parameter uncertainties in a conser-

vative way by searching for the maximum parameter extension
I - 2 i 2 2 _
whereVPs andVj are the observed and modelled visibility mod!n @l xi maps corresponding Mhin, * Ax®, whereAy? = 1 (see

ulus for baseline indek, Fo>andF; are the observed and mod-contours in Figs[]5 tf] 7). This choice a§” sets a lower limit
elled mid-IR fluxes for wa]velength index oy andor | are the confidence region of 60% to the parameter uncertainties. This
estimated errors on the visibilities and fluxvés Rl limit results from two extreme assumptions about the data:

The starting parameter values for the fit were determined
from physical considerations of the CSE and from the previou
results from DS07. Below we consider the redugédiefined
by x? = x?/(2ngN; — Niree), Wherengee = 10. The LM algorithm
stops when the relative decreasegfnis less then 1. For the

CPD-57 2874 data, the LM algorithm reaches gfeminimum are available (this corresponds to the number of baselines
2 )inafew hours£ 2 - 3 h) on a single CPU. ( B )

min,r The flux at each spectral channel can still be considered to be
Figure[? shows the intensity map of the model correspond- independent. This pessimistic assumption leads to therlowe
ing tonnm’r (best-fit model) for our distance estimate of 1.7 kpc, [imit of ~ 60% to the formal confidence level fan? = 1,
which also corresponds to the lowggt,. .. The visibilities and corresponding to only 20 independent observations (10base
fluxes for the best-fit model are shown, together with the ehse  lines and 10 fluxes). _
vations, in Figs[]3 anf] 4. These plots show that the model wett All data points are completely independent (uncorrelated)
reproduces most observations within their uncertainte®6th an upper limit of= 100% of formal confidence level is ob-
adopted distances (1.7 and 2.5 kpc). In particular the tiigh tained if we assume that .aII data points are independent.
curved shape of the visibilities is well reproduced by FRACS Then the uncertainties derived frafsy” = 1 are very con-
The models indicate that this curved shape is probably cause Servative (overestimated).
by the combined fact (1) that the intensity maps havtedint . . _
relative contributions from the central source and fromatsty Hence the parameter uncertainties given in Tdble 4 corre-
CSE at diferent wavelengths, (2) that the optical properties gpond to a confidence level of at least 60%, but most probably
the adopted dust grains are wavelength-dependent eveerdf tH€y are somewhat overestimated. _ _ _
is no strong silicate feature seen in the spectrum, and ¢8) th. In the next section we present a phyS|caII motivated discus
the angular resolution significantly changes along the wiese Sion of the derived model parameters of CPD-3874.
wavelengths.
The model parameters gﬁlm’r and their uncertainties areg piscussion

listed in Table[|4. The derived parameters are almost indepen ) ]
dent of the adopted distance, except of course for thosigcal6-1. Geometrical parameters (PAq, Rin, and i)

with the distance. The uncertainties of the parametersbees | o s first compare the derived geometrical parameters, (PA
estimated fromy; maps calculated with 2% 21 points for each g andj) with those previously obtained by DS07 from ellipti-
pair of free parameters (45 pairs) and centred onfhe, POSI- 3] Gaussian models fitted on a sub-set of the VMIDI data
tion. All 45 y2 maps are shown in FigH. 5 [p 7 fdr= 1.7 kpc. used here.

These maps show that th@ space presents a well defingf} ., The geometrical parameter PAan be directly compared
without showing several local minima in the parameter domaivith the major-axis position angle of the ellipse previgudgter-
explored. Additionally, they provide visual and directanfna- mined by DS074 143 — 145). As expected, the two estimates
tion on the behaviour of the model parameters in the vicinityf PAy are identical within their error bars.

Data points per baseline are completely dependent (corre-
lated): because the same set of stars is used to calibrate all
visibilities of a given baseline, we can consider a limiting
case where all these visibilities are correlated. Thisragsu

tion implies that only 10 independent visibility obseresis
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Fig. 3. VLTI/MIDI visibilities of CPD-57 2874 (circles) and the best-fit FRACS visibilities obtairieam a y? minimisation for

a distanced = 1.7 kpc (solid curve) andl = 2.5 kpc (dashed curve). The model-fitting was performed simalously on the
visibilities and spectral flux. The visibilitiesTectively used for the fit are shown as filled circles togethi¢h whe corresponding
visibility error bars. The good quality of this fit is refledtby a reducegizfnin of ~ 0.55 for both distances (see details in Taﬂle 4).

Because the bulk of the thermal IR emission comes fro62. Continuum emission from the central source (Ij0 and a)
the internal regions of the disc, one can expect the inner dus
angular radiusR;,/d) to be comparable to (or slightly smaller
than) the major-axis half width at half maximum (HWHM) of a
elliptical Gaussian. Indeed, th®,/d derived here agrees with

the major-axis HWHM & 0.5FWHM) given by DS07: & < total mid-IR radiation of CPD-572874. The total 1@m flux of

HWHM (_rr_las)< 8.0. i _ the best model fod = 1.7 kpc iSF; = 7.9x 1073¥Wm=2 ym?t
_Domiciano de Souza et al. (2007) estimated a CSE vieygee Fig[J4). The contribution of the dust CSE alone to them0
ing angle| ~ 30" - 60° frqm the minor- to major-axis ratio of flux computed with FRACS i§g = 4.4 x 10°3Wm2 um-L. It
the f|tt_ed elliptical Gau_s3|an mod_el. 'I_'h|s estimate agrgartyf follows therefore that the 1@m flux from the CSE i+ 56%F
well with the more precise determination of this paramet& 5nd from the central source is AA%F ;. Similar results are
here. obtained ford = 2.5 kpc.

The comparison of these parameters shows on one hand that
the geometrical parameters obtained with FRACS agree with We note that in the particular case of CPD>2874 where
those obtained from a simpler approach using analyticaleisod i ~ 60° and where the dust is confined in a relatively narrow
On the other hand, this comparison clearly shows that, atdke disc (opening angle 7°), these relative flux contributions can
of somewhat higher but similar computing times, FRACS givdee directly obtained fronks (derived fromls ; see Tabld]4).
us access to physical parameters of CPDZB74 that cannot This is valid if there is no absorption of the central regidys
be extracted from simple geometrical analytical models. the CSE.

In contrast to what may be initially expected, we show below
hat the central source (star and continuum emission coerien
such as free-free, free-bound) contributes to almost Hathe
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Table 4.Best-fit model parameters and uncertainties derived famt with the definition ofTy, itself and with the chosen silicate
CPD-57 2874 from ay? minimisation. The uncertainties weredust composition. The large upper limit uncertaintie3inand

estimated from thg? maps.

Adopted distance d=17kpc d=25kpc
Reduced?, Xoine =054 | xZ.. =056
Model parameters value error| value error
IS ACWm2umtstr?) | 22 57 | 42 18
@ 24 131 24 4
Tin (K)f 1498 +1042 | 1500  +1050
y 102 9| 086 9%
Ri (AU) 127 35| 144 51
i (°) 613 ‘108 | 596 118
PA4 (°) 1403 33 | 1394 37
Al -098 - | -098 -
Nin (M3)® 0.30 - 0.33 -
mP 332 - 377 -
Other derived parameters value error| value error
Fs aoBwm2umbf | 35 41| 68 23
Rin/d (mas) 75 21| 58  *20
AGq (°) 75 - 7.0 -

@ To be physically consistent with the adopted dust compmsitie
upper limit for T;, is 1500 K, even though thgZ maps were allowed to
explore higher temperature values.

b Not well constrained.

¢ Observed mid-IR flux from the central regiongt= 10um (Eq.@).

14

12
10

flux (107" W/m?/um)

O N >~ O

10 11
wavelength (um)

the fact that the best-fit, is 1500 K ford = 2.5 kpc indicate that
aTi slightly higher than 1500 K could still be compatible with
the observations. A highdl, value is consistent with, for in-
stance, dierent dust compositions. However, we prefer to keep
our choice of dust composition and to have a relatively lange
per limit uncertainty ifT,, since the present observations do not
provide strong constraints on the exact dust composition.

The derived value for the cfiicient of the temperature pro-
file y indicates an almost linear decrease of the disc temperature
as a function of. The steepness of this temperature profile lies
between those expected for a non irradiated, adiabaticadi
ing disc T « r=#°) and a reprocessing dis® (o« r—¥/4) (c.f.
Porter 2003). This implies that a non negligible part of tgro-
cessed radiation from the inner parts of the disc escapasutit
being re-absorbed, so that the disc cools down faster tiudntyhi
optically thick discs, without of course reaching the lirafta
purely adiabatic cooling.

6.4. Parameters related to the density law (nin, A2, and m)

Our results suggest that the observed mid-IR visibilitiagl a
fluxes cannot strongly constrain each individual parameger
lated to the density lawn;,, Ay, andm. The y?> maps show a
significant correlation between these three parametaigat
ing that they are degenerated for the available YMIDI ob-
servations. Even if their uncertainties are significarg, \thlues
of these parametersgﬁm suggest

— alow inner densityn, corresponding to relatively low CSE
optical depth in the mid-IRg 0.2 along the line of sight
around 1Qum).

—a polar-to-equatorial terminal velocity ratio
Veo(0°) /Veo (90°) /(1 + A) 50, compatible with
the values found in the literature (e.g. Zickgraf 2003).

— a high value form, translating into a quite narrow opening
angle € 10°) for the dust disc.

~

Becausen,, A2, andmare not well constrained, we fitted the
observations by fixing these parameters to their valuesb'teﬂi
in order to investigate their influence on the remaining pea
ters. We have also fixed tfig, to 1500 K. The fit was performed
ford = 1.7 kpc, starting from slightly dierent values from those
in Table[4 . They? and values obtained for the free parameters
(IS, @, 7, R, i, PA) are essentially the same as in Tele 4 (dif-
ferences are only a small fraction of the parameter unceigs).

Fig. 4. VLTI/MIDI flux of CPD-57°2874 (thick solid grey we have also checked that the uncertainties on the othempara
curve) and the:20% adopted uncertainty (dots). The thin SO“@ters are notféected by the fact that,, A,, andm are not well

and dashed curves are the best-fit model fluxes for assumed
tances ofd = 1.7 kpc andd = 2.5 kpc, respectively. The wave-
lengths used for the fit are those from Hig. 3.

Although the uncertainties on the spectral indeare rela-
tively high (= 50%), the derived value=(2.4) suggests an im-
portant contribution of free-free continuum radiationrfrahe
central regions (Felli & Panagia 1981).

6.3. Temperature structure of the dusty CSE (T, andy)

The dust temperature at the inner radilis is found to be

gishstrained.

6.5. Data analysis from a model with fewer free parameters

Thanks to the data analysis performed here we found that some
parameters of the sgB[e] model adopted for CPDZB74 can-
not be well constrained from the available VIMIDI data. Of
course this is not necessarily a general conclusion bedause
depends on the nature of the studied target and on the spectro
interferometric data available.

The results from our analysis of CPD<32874 indicate that
it is justified to_consider a simplified version of the mode} de
scribed in SecE|4. As shown in the previous section, the param

~ 1500 K (the imposed upper limit for the fit), which is consiseters related to the density law are the less constrainetidy t
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Table 5. Best-fit model parameters derived for CPD-2874

dusty CSE, dust temperature profile, and disc inclinatiefefr

from ay? minimisation using a model with fewer free parameto Tablel and Sedf] 6 for details).

ters then the initial one (c.f. Seft. p.5). Uncertaintiesenasti-

To our knowledge, this is the first direct determination of

mated from the Levenberg-Marquardt (LM) algorithm and cagphysical parameters of the dusty CSE of a B[e] supergiamithas
be considered as lower limits to the errors on the derivedrpar on interferometric data and using a model-fitting approacmf

eters (see discussion in the text).

Adopted distance d=17kpc d=25kpc

Reducedy?, Xayne = 054 | x2,. =056
Model parameters value error| value error

LM LM

15 (LPWm=2 ymstrt) | 21 02 4.2 ol

a 24 02 24 02

y 092 3% | 085 9%

Rin (AV) 110  *20 | 139 ‘24

i (°) 605 '3 503 12

PAq (°) 1398 19 | 1393 ‘1S

Nin (M~3) 009 0% | 011 097

Abq4 (°) 75 aa 5.9 o

a x? minimisation. This was possible thanks to FRACS, which
adopts a parametrised description of the central objectoind
the dusty CSE combined to a simplified radiative transfer (no
scattering). Its main advantage is computation speet)(s per
monochromatic image with 300300 pixels). Because it is fast,
FRACS allows us (1) to explore a large parameter space domain
for a true globaly® minimisation and (2) to more realistically
estimate the uncertainties on the best-fit parameters. \Wddwo
like to recall that contrarily to a model such as FRACS, si&npl
geometrical models do not allow a simple and direct access to
physical parameters and uncertainties of the dusty CSE.

Future complementary observations could be included to
measure new CSE parameters/ando reduce the uncertainties
and the correlations on some parameters that were not strong
constrained by the VLJMIDI observations alone. Consistently
with the domain of validity of FRACS, these complementary
data should be obtained at wavelengths above the near-égewh
the dust starts to contribute to a significant amount of tbkest
flux (UV to visible observations cannot be consistently nilede

data. Let us thus consider an alternative density law where by FRACS). For example, the closure phase information from

number density of dust grains is given by

~(Rn)2.
n(r, 6) = ”m(?)'9W—05Nhses9@+05m% o
0 ;0 < 90° — 0.5A03 andd > 90° + 0.5A0q

the MATISSE beam combiner (second generation instrument on
VLTI; Lopez et al. 2009, Wolf et al. 2009) could inform on the
disc inclination and opening angle, which are parameteas th
can influence the symmetry of the mid-IR intensity distribnt
Also, near-future interferometric observations in thelimitre

The parameterd,, A;, andmare not present in this simpleryyith ALMA will be more sensitive than MIDI and MATISSE to
density prescription. Onlyi, and A6y are necessary to definethe thermal emission from the colder regions of the dusty CSE
the density structure. Based on our previous results wedlave Thys, these observations will probably better constragrteim-
fixed Tin to 1500 K. The number of free parameters is thus reprature profile of the dust and also provide direct inforomat

duced from 10 to 8, namelyso, a,y, Rn, i, PA4, Nin, andAby.

on the structure and actual size of the CSE, allowing also for

Following the previous procedure we have performgd a mass estimates. Moreover, this information on the coldst isu

minimisation on the visibilities and fluxes using a LM algbm.

very important for the study of the evolutionary history gB$e]

The results are shown in Tatﬁb 5. Note that the best-fit parastars (e.g. mass and angular momentum losses, chemiaai-enri

eters completely agree (well within the uncertaintieshwvtfie
previous values obtained with the initial model (Taﬂle 4).

Only ni; shows an important ffierence compared to the pre

ment and interaction with the close interstellar medium).
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Fig. 5. Reducedy? maps from VLTIMIDI observations of CPD-572874 for all 45 combinations of free parameters of our model
(FRACS). The maps are centered onxﬁ%’r(z 0.54) position and correspond to the distance of 1.7 kpc. Qoatare drawn for
Xains + Mx%, with Ay? = 0.3,1, 3. The parameters are ordered as in THble 4. The map scalkeisigilogarithmic units. Details on
the model-fitting procedure are given in S(ﬂ:t. 5.
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Fig. 7. Continuation of Fig[[6.



