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ABSTRACT

B[e] supergiants (sgB[e]) are rare objects whose evolutionary stage remains uncertain. Observationally, they display strong
Balmer emission lines, infrared excess, and intrinsic polarization, indicating a non-spherical circumstellar envelope. We present
a study of the sgB[e] RMC 82, using new spectropolarimetric data complemented by photometry from the ultraviolet (UV) to the
mid-infrared. Our two-component model comprises a slow, dense equatorial wind wherein dust grains form and a fast polar wind.
We applied the hdust radiative transfer code and Bayesian statistics to infer the parameters from a grid of 3240 pre-computed
models. The model accurately reproduces the spectral energy distribution and polarized spectrum, but struggles to match the
H o« emission. Our results suggest a large mass-loss rate of 6.6 x 107® Mg yr~! sr=!. The dense wind is confined within an
opening angle of 11°. The hottest dust grains are located at 277 R, with a temperature of 870 K. The dust grains are porous,
with a density of 0.051 gcm™>. The central star was found to be significantly hotter than previous estimates (T, = 27 000 K).
By comparing models with different components, we find that gas reprocesses a significant amount of UV radiation, shielding
the dust. However, the dust also scatters UV photons back to the inner disc, increasing its temperature and H o emission. We
conclude that self-consistent models, that account for the gas—dust interplay in the envelope, are essential for studying sgB[e]

and similar objects.
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1 INTRODUCTION

Massive stars lose much of their initial mass during their fast
evolution. In the supergiant phase, the star can lose around one
solar mass every 100000 yr (Lamers & Leitherer 1993) due to
winds. Consequently, complex structures are formed in the stellar
surroundings.

A particular group of evolved massive stars that has an intriguing
circumstellar structure are the B[e] supergiants (sgB[e]). They are
uncommon objects, and currently, the duration of this evolutionary
phase is undefined (Lamers 2006). Research indicates that sgB[e]
stars might serve as progenitors of luminous blue variables (LBVs;
Nota & Lamers 1997; Lamers 2006). SgB[e] stars have high
luminosity, around a hundred thousand times greater than the solar
luminosity (Zickgraf et al. 1985), and present the Bfe] phenomenon
(Allen & Swings 1976; Lamers et al. 1998; Zickgraf 1998). This
phenomenon is observationally defined by the presence of strong
Balmer emission lines, both permitted and forbidden metals lines in
the spectrum and a strong infrared excess. The presence of forbidden
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emission lines in sgB[e] stars can be attributed to regions of low
electron density in the envelope.

Zickgraf et al. (1985) conducted a thorough study of the sgBle]
R126, based on photometric and spectroscopic data, and proposed
one of the first circumstellar models for sgB[e] stars. The model
consisted of a stellar wind with two components, a hot and fast wind
in the polar region (where resonance lines are formed) and a cold
and slow wind in the equatorial region (where emission lines are
formed) — see Fig. 8 for a schematic representation. The shielding
of ultraviolet (UV) radiation provided by the dense inner region
allows for dust formation in the outer parts of the equatorial region,
explaining the infrared excess. This axisymmetric scenario gained
further support from the work of Magalhdes (1992), who found
that the sgB[e] in the Magellanic Clouds are intrinsically polarized.
Melgarejo et al. (2001) modelled the continuum polarization of
Magellanic sgB[e]s and found that the polarization was best matched
by models containing a dense equatorial outflow.

It is believed that a transitional zone exists between atomic gas (in
the inner part of the dense equatorial flow) and dust (located in the
outer part), which serves as the site for the formation of molecules
(Kraus 2019). The dense atomic gas acts as a barrier against the
intense ultraviolet radiation emitted by the star, allowing for the
molecules to form. In certain sgB[e]s, carbon monoxide (CO), silicon
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oxide (SiO), and titanium oxide (TiO) bands have been observed.
Kraus (2019) highlights that CO, being a highly stable molecule,
indicates the innermost boundary of the molecular disc in terms of
its formation and emission.

Several potential explanations have been proposed for the two-
component wind described above, which involve asymmetrical mass-
loss rates, specifically varying with latitude. Pauldrach & Puls (1990)
and Lamers & Pauldrach (1991) have explained the outflowing disc
formation in rotating B-stars through the bistability mechanism of
radiation-driven winds. This mechanism consists of a discontinuity
of the mass-loss rate and wind velocity for a given effective
gravity value, and therefore could explain the difference between
circumstellar material densities at pole and equator. Bjorkman &
Cassinelli (1993) suggested that it is possible to obtain, under
certain circumstances and approximations, a solution that allows
an equatorial dense disc formation around rotating stars due to ram
pressure confinement by the wind. However, Owocki, Cranmer &
Gayley (1998) showed that these models can actually generate
reverse effects, such as polar concentrations. Curé, Rial & Cidale
(2005) investigated the formation of equatorial discs in sgB[e] stars
by considering the fast and slow solutions of rotating radiation-driven
winds, along with bistability line-force parameters. The authors
concluded that the adoption of the slow solution results in the
formation of a high-density disc. By utilizing the fast solution for
the polar regions and the slow solution for the equatorial region,
they successfully achieved a density contrast of approximately 100
between the equatorial and polar regions.

Maravelias et al. (2018) challenged the possibility of an outflow
scenario. By combining spectroscopic observations from both optical
and infrared wavelengths, the authors suggested that the material can
be concentrated in multiple rings revolving around the stars in stable
Keplerian orbits.

Collectively, these studies highlight the current lack of compre-
hensive understanding and a robust physical description regarding
the formation mechanism of circumstellar structures seen in sgB[e]
stars.

The purpose of this paper is to present new spectropolarimetric
and polarimetric observations of RMC 82, a sgB[e] star in the Large
Magellanic Cloud (LMC). These observations, coupled with data
from the literature, are modelled using a two-component wind model,
containing both gas and dust, following the ad hoc approach suc-
cessfully applied to the FS CMa star IRAS 0047046429 by Carciofi,
Miroshnichenko & Bjorkman (2010). Even though this model is
ad hoc, it can still prove to be a valuable tool for characterizing
certain parameters of the outflow, such as terminal velocities, material
density variation between the pole and the equator, opening angles,
among others. The observations and data reduction, along with
an assessment of the interstellar polarization towards RMC 82, are
shown in Section 2. In Section 3, the model employed is presented,
followed by a complete discussion of our results in Sections 4 and 5.
Section 6 is dedicated to our concluding remarks.

2 OBSERVATIONAL DATA

The data available for RMC 82 include new polarimetric, spectropo-
larimetric, and photometric observations, as well as data collected
from the literature.

2.1 Target overview

RMC 82, located in LMC, is generally classified as a sgB[e]. Despite
its intriguing nature, limited research has been conducted on this
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Table 1. Summary of the RMC 82 data from the literature.

Parameters Values Reference
Spectral type B2-3 Zickgraf et al. (1986)
BO0.5 Bonanos et al. (2009)
M, 20 Mg Zickgraf et al. (1996)
R, 50Rg Zickgraf et al. (1996)
Test 18500 K Zickgraf et al. (1986)
25000 K Bonanos et al. (2009)
L 2.7 %10 Lg Zickgraf et al. (1996)
EB-V) 0.2 Zickgraf et al. (1986)
0.1 Skowron et al. (2021)
0.5 Bonanos et al. (2009)
d 49.97 £+ 0.19 kpc Pietrzynski et al. (2013)

object, resulting in a scarcity of available information. According to
Zickgraf et al. (1986), its spectral type is B2-3, with an estimated
effective temperature of 18 500 K. However, Bonanos et al. (2009)
reported a different spectral type for RMC 82, B0.5, with an effective
temperature of 25000K. Additionally, RMC 82 is considered a
member of the stellar association LH 35 (Lucke & Hodge 1970).
Zickgraf et al. (1996) provided estimates for its radius and mass. A
summary about the physical characteristics of RMC 82 is given in
Table 1.

Oksala et al. (2013) presented a survey of 25 evolved massive stars
in the K band with the Spectrograph for INtegral Field Observation
in the NearInfrared (SINFONI) on ESO/VLT UT4 8 m telescope. No
CO emission features were observed in the case of RMC 82.

The distance to RMC 82 is assumed to be the distance to the LMC,
which we took from the work of Pietrzynski et al. (2013). The E(B
— V) value was estimated by Zickgraf et al. (1986) and Bonanos
et al. (2009) (Table 1). Another estimate can be obtained as follows:
adopting the relation E(V — I) = 1.38 x E(B — V) from Tammann,
Sandage & Reindl (2003) and using the average reddening estimated
for the OGLE fields (table 1 of Skowron et al. 2021) we obtain E(B
— V)=0.10.

2.2 Imaging polarimetry

As mentioned previously, the envelopes of sgB[e]s do not present
spherical symmetry, as indicated by their non-zero intrinsic polar-
ization (Magalhdes 1992; Schulte-Ladbeck & Clayton 1993; Schulte-
Ladbeck et al. 1993; Melgarejo et al. 2001; Magalhdes et al.
2006; Seriacopi, Carciofi & Magalhdes 2017). The main polarigenic
mechanism in sgB[e] is believed to be Thomson scattering off
free electrons, abundant in their highly ionized envelopes. Another
mechanism that is probably important is the scattering off dust grains.
See Magalhaes, Carciofi & Seriacopi (2015) for a detailed discussion
of the above, as well as other possible mechanisms such as Rayleigh
scattering by molecules. Note that so far the relative role of each
mechanism for the total polarization level has not been assessed.

Polarimetry and spectropolarimetry are powerful tools to probe
the structures of asymmetrical stellar envelopes, and their diagnostic
potential has been amply demonstrated for several types of objects
(e.g. Be stars — Wood, Bjorkman & Bjorkman 1997; Haubois et al.
2014; Wolf—Rayet stars — Rodrigues & Magalhdes 2000; magnetic
massive stars — Carciofi et al. 2013; Wade et al. 2016). Polarimetry
can provide information about the density and geometry of the
envelope and its projected position on the sky.

On 2017 October 12, RMC 82 was observed at the Observatorio
Pico dos Dias (Brazil) using the IAGPOL instrument (Magalhaes
1992) in linear polarization mode. The instrument, mounted on
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a 1.6 m telescope, consists of a rotating retarder A/2-waveplate, a
calcite Savart prism, and a filter wheel. By employing the calcite
prism, the incoming light is divided into two components with
orthogonal polarization. This configuration allows for observations
even under non-photometric conditions, as a differential photometry
between the two images is performed. Moreover, it facilitates the
estimation and correction of sky polarization (Magalhdes 1992).
RMC 82 was observed in the Johnson B, V, R, and I bands. One
exposure was taken for eight waveplate positions, positioned at
intervals of 22.5°.

Data reduction was performed using the pipeline SOLVEPOL
written by Ramirez et al. (2017) in IDL.! After standard bias,
overscan, and flat-field corrections to individual images, the pipeline
calculates the differential aperture photometry of the two components
generated by the calcite prism, at each position of wave plate. The
polarimetric calculations are performed by fitting the flux modulation
of the two components, for each stellar pair found, which allows
for the determination of the Stokes Q and U parameters (for more
details see Magalhdes 1992). From these, the polarization level and
polarization angles are calculated by

P =+0Q*+U?, (H
and

1 U
0= 2 arctan (§> s 2)

respectively. The errors were obtained by the residuals of the
modulation fit (Pereyra et al. 2009). The reduction process includes a
polarized standard star to calibrate the polarization position angle to
equatorial system, according to which the position angle is measured
East from celestial North.

To obtain the intrinsic polarization of RMC 82 we must account for
the interstellar medium polarization (ISP), caused by elongated dust
grains that are aligned with local magnetic field of our Galaxy (Hall
1949; Hiltner 1949). Once the ISP is known, it is subtracted from
the observed polarization, thus providing the intrinsic polarization.
Serkowski (1973) described empirically the spectral dependence
of the ISP for a given line of sight with two parameters, Py,
the maximum polarization (which is related to the degree of grain
alignment and optical depth), and X ,.«, the wavelength at which Py,
occurs (which is related to the typical grain size). The Serkowski
function is written as

Pis(A) = Prnax X [=k 10° (hinan /2], 3)
and k is given by (Wilking, Lebofsky & Rieke 1982)
k= (1.86=%0.09)Amax — (0.10 £ 0.05). @

A third parameter is also needed, the ISP position angle on the sky,
01s. From it, we can also get the Stokes parameters of the ISP as

Qs = Pis cos 205, ()
and
U[s = PIS sin 2913 . (6)

To estimate the ISP for RMC 82 we used the field stars method,
which consists in measuring the polarization of stars physically close
to the target. Assuming they do not have intrinsic polarization, their
polarization will provide a direct measure of their ISP, which can
then be used to estimate the ISP of the target star. The results for the
B filter can be seen in Fig. 1. The left panel shows the polarization

Hnteractive data language.
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vectors of all targets for which the polarization was measured with
Plop > 4. The other panel displays a histogram of the values of the
position angle. The field is densely populated, but a very clear pattern
in the position angle can be seen, with a strong peak around ~36°. A
Gaussian was fitted to this peak, and the mean and standard deviation
of the mean (Table 2) were used as an estimate of the ISP position
angle. The other filters have qualitatively similar results, shown in
Appendix A (see Figs A1-A3). From Table 2, we see that the peak
position of the ISP agree for all filters, within the uncertainties. The
average for all filters was used in this work as the estimate for the
ISP position angle (Table 3).

In order to derive the remaining two parameters of the Serkowski
law, we employed the following procedure: we began by identifying
field stars in each filter whose position angle was within one half the
standard deviation (o) of the corresponding 05 and had a polarization
accuracy better than P/op = 4. Furthermore, we omitted all stars
with a nominal Gaia DR3 parallax value larger than 0.02 mas
(Gaia Collaboration 2016, 2023; Babusiaux et al. 2023) and RUWE
parameter smaller than 1.4. This approach effectively eliminates
stars that are highly probable to be Galactic foreground sources.
Subsequently, we computed a weighted average, considering the
errors, for the selected stars. The outcome of this analysis are
presented in the second column of Table 2. Finally, we fitted the
equation (3) to the BVRI values of the ISP (Fig. 2), obtaining P,
and A .. The results are in Table 3.

Melgarejo (2004) and Magalhdes (1992) also estimated the ISP
of RMC 82. The values obtained in the V band were, respectively,
0.29 per cent and 0.137 per cent. The discrepancy on the values can
probably be explained by the fact that the field around RMC 82 is
very inhomogeneous, with polarization levels varying greatly across
the field. An essential factor to bear in mind is the enhanced precision
facilitated by the availability of the Gaia DR3 data. We conducted
multiple tests in which Gaia DR3 measurements were not employed,
and instead, we varied the other selection criteria mentioned earlier. It
was observed that our ISP values exhibited significant dependence on
the specific criteria applied. Interestingly, this issue did not arise when
the Gaia DR3 data were used to eliminate likely Galactic foreground
sources. Despite the disagreement in the ISP level, our results for
the ISP position angle agree with those of Melgarejo (2004), who
published a value of 47.8° £+ 1.1° and Magalhdes (1992), whose
value was 31° £ 35°.

The left panels of Fig. 3 show the results of the optical polarization
of RMC 82, with the ISP correction applied. Our data are plotted
together with other data by Magalhaes (1992), Melgarejo et al.
(2001), and (Mathewson & Ford 1970). Note that the values from the
literature were recalculated using our new ISP determination. During
the period from 2001 to 2017, there were no significant changes in
the degree or angle of polarization. However, in 1970 and 1989, the
values were significantly lower. This suggests that there has been
fluctuations either in the density or the geometry (or both) of the
circumstellar material over the years.

2.3 Spectropolarimetry

RMC 82 was observed with the FORS instrument mounted at the
8.2 m VLT/UT1 telescope at Paranal Observatory (ESO) in 2012.
The instrument was configured to use a 0.7 arcmin slit, a retarder
Al2-waveplate, a Wollaston prism, and two grisms that have the
following spectral coverage: 3600-5110 and 5750-7310 A. The MIT
detector was used, which is a mosaic of two CCDs of 2000 x 4000 15
pm pixels. See Appenzeller et al. (1998) for more details about the
instrument. For the data reduction, we used the pipelines provided
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Figure 1. Left panel: B-band polarization vectors of the field stars. RMC 82 is localized in the middle of the image. North is up and east is to the left. Right
panel: histogram of the values of the B-band position angle. The distribution has a clear peak that was fitted with a Gaussian (continuous line) to obtain the peak

position angle and its standard deviation (Table 2).

Table 2. ISP estimates using an error-weighed average of the field stars in
each field. See text for selection criteria used. The number of stars selected
for each filter is listed in the forth row.

Filter Pis (per cent) O1s (°) n
B 04 +0.1 36 + 17 6
1% 05+04 42 £26 5
R 0.41 +£0.03 45 £ 32 4
1 0.38 £+ 0.08 48+ 19 6

Table 3. ISP parameters. The values of Ppax and Amax came from the fit of
the Serkowski law and 61s was the weighted average of 01 of the four filters
(Table 2).

Parameter Value
Prmax 0.43 £ 0.02 per cent
Amax 5500 = 800 A
O1s 42° 4 4°
RMC 82
0.9 1
0.8 1
0.7 1
| =
2 0.6
(]
N 1
505
: ——
0.4 1
0.3
0.2 1

6000 7000 8000 2000

Wavelength [4]

4000 5000

Figure 2. Serkowski law fit (continuous line) and ISP (Pjg) data listed in
Table 2 (points).

by ESO in the GASGANO platform.? The procedure provides bias,
overscan, trimsection, and flat-field corrections, extracted spectra,
wavelength calibration, and polarization angle correction with re-
spect to wavelength.

In addition, spectropolarimetry of RMC 82 was obtained at Cerro
Toloto Inter-American Observatory, in the nights of 2009 February
12 and 13. A polarimeter was used in conjunction with the R-C
Spectrograph and the Blue Air Schmidt camera. The slit used was
1.2 arcmin and the detector was the Loral CCD with 3000 x 1000
15 pum pixels, resulting in a spectral coverage of 34507150 A, with
a spectral resolution of 1.2 A per pixel. A polarimeter was mounted
above the spectrograph slit, consisting of a retarder A/2-waveplate,
calcite and filter wheel. For bias, overscan, trimsection, flat-field
corrections, spectra extraction, wavelength and flux calibration, we
used the IRAF (Image Reduction and Analysis Facility) reduction’.
The spectropolarimetric calculations were done with the SPECPOL
package, written in IRAF (Pereyra & Magalhdes 2002, 2004, 2007).
The reduction process includes an unpolarized standard star to
estimate the instrumental polarization and a polarized standard star
to calibrate the data to equatorial system. Finally, we also use spec-
tropolarimetric observations, from 2002, published by Magalhdes
et al. (2006).

Fig. 4 displays the continuum-normalized spectra for RMC 82,
showing a rich assortment of emission lines of several atomic and
ionic species, from both forbidden and allowed transitions. Table 4
lists the main lines identified in the spectra. This identification
was based on the following works: Janot-Pacheco, Ilovaisky &
Chevalier (1981), Melgarejo (2004), Schulte-Ladbeck & Clayton
(1993), Zickgraf et al. (1996), Aret et al. (2012), Graus, Lamb & Oey
(2012), Oksala et al. (2013), Kraus et al. (2006), Norci et al. (2006),
Kucerova et al. (2006), Martayan et al. (2006), and Miroshnichenko
et al. (2009).

The spectropolarimetric results are shown in the right two panels
of Fig. 3. The intrinsic polarization was calculated using the ISP
determined in the previous section. The same ISP correction was
applied to the published 2002 CTIO data. The values are consistent

Zhttps://11ng.com/TrzVm
3https://iraf.net/irafdocs/spect/
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whether the slope of the polarization varies with time. Right panels: Spectropolarimetry of RMC 82: the CTIO data is from 2002 and 2009, and the ESO/FORS
data is from 2012. The data were grouped into 10 point bins to increase the S/N.

g
E
3 E]
2 min S g 3 g3 2 g
2 5 5323 im £
Ll.c ;, by £ [ B
7
; . . ;
, 3800 4000 4200 4400 4600 4800
g
g 201n g g § 3 8 &5 8 g i 8
s = 3 ki & B &z ¥ a - g
S 153 P 3 & 3 H £
w = =
K
1.0 4 . e =
4800 5000 5200 5400 5600 5800
31 g B
g g a
g E = ]
g g 7 § :
8 5. P Ei sz g% .
2 . 8 =% 345 3 e
W 5 : 583 3% 3
n 5 Z3
1 2 .A A A i bt
s ~
r . : .
5800 6000 6200 6400 6600 6800
47 g B —— 2002 January 20
) ¥ = 8 1 2009 February 12
3 =
E i % S 3 3 —— 2009 February 13
# 13 g
us 2 ;EJ H 3 é —— 2012 October 12
1«:— A, A M\.—__'\/\/___A—.—
" ; y {
6800 7000 7200 7400 7600 7800

Wavelength [4]

Figure 4. RMC 82 normalized spectrum with line identification suggestions. The CTIO data is from 2002 and 2009, and the ESO/FORS data is from 2012. All

lines identified in this image can be seen in Table 4.

with those obtained with imaging polarimetry. Notably, there appears
to be no significant variation observed over the 10-yr period of
spectropolarimetric observations (2002-2012).

Fig. 5 shows the H « normalized flux, intrinsic polarization level,
and polarization angle. H « is quite strongly in emission, presenting
a broad and approximately symmetrical shape, typical of large and
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dense winds in expansion (Vink et al. 2002). Fig. 6 shows the QU
diagram in the vicinity of the H « line. The 2002 and 2009 data were
not shown because there were several bad pixels along the H « line.
Similar plots for H 8 and H y are shown in Appendix B (see Figs
B1—B4). The data show signs of variability in H 8 and H y between
2002 and 2012.
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Table 4. Main lines in the optical for RMC 82.

Atom/Ion Lines (A)
H Ho-Hn
Hel 4922, 5875, 6678
Mgt 6318
[N 1] 5754
o1 6153
[O1] 6300
[O1] 7330
Sin 6347, 6371
[Car] 7291, 7324
Fe1l 4233, 4523, 4549, 4555, 4584, 4629, 5018, 5169, 5198,
5235, 5275, 5317, 5365, 5536, 6369, 6384, 6417, 6433,
6456, 6491, 6516
[Fe11] 4287, 4359, 4414, 4728, 4815
Fe 1t 4179
[Fe] 5754
20
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Figure 5. ESO/FORS spectropolarimetry of RMC 82 in the vicinity of
Hoa. From top to bottom: continuum normalized flux, polarization, and
polarization angle. The data were binned at every two points to increase
the S/N.

A significant depolarization was observed across all hydrogen
lines. For instance, in the case of H «, the polarization changes from
about 2.5 per cent in the adjacent continuum to less than 1 percent
at the line emission peak. The explanation for the depolarization
is as follows. The continuum polarization arises from scattering of
stellar radiation off free electrons (see Section 5.3), mostly in the
inner parts of the envelope where densities are high. The continuum
opacity (in the visible dominated by bound-free ionization of H)
usually has the effect of lowering the continuum polarization level
by adding some degree of pre-scattering absorption (Haubois et al.
2014). The recombination lines, such as H lines, on the other hand,
arise from a much larger volume of the envelope. Because of this, the
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Figure 6. QU diagram in the vicinity of H . The data were binned at every
three points to increase the S/N. The continuous line shows a perpendicular
least-squares linear fit. The dashed lines are the lower and upper limits of the
fit error. The origin of the plot is represented by the two dashed lines in black.

line photons will not be nearly as much scattered by free electrons as
the stellar photons are. Consequently, the line polarization will have
much smaller values than the nearby continuum (Magalhdes 1992;
Vink et al. 2002; Vink, Harries & Drew 2005; Magalhies et al. 2006).
Interestingly, for the position angle also changes, mostly for H o and
H g (Fig. B1).

The depolarization effect is further evidenced in the QU plot for
H o« (Fig. 6). Vink et al. (2002) analysed the polarization, polarization
angle, and QU plots across the Ho emission line for different
scenarios: a star in an ionized circumstellar medium, a star with
spherically symmetric geometry, a star with rotating disc, and others.
Depending on the scenario, different trajectories are obtained in QU
plots. For instance, a rotating disc would cause a circular trajectory
in the diagram. Their fig. 1 illustrates the depolarization case, which
causes a linear incursion in the QU that passes through the origin
(when the depolarization nears 100 per cent the intrinsic polarization
should go to zero). Because of this, our data for RMC 82 have
been fitted to a straight line, shown in Fig. 6. Whereas the data are
rather scattered, making it challenging to draw a definite conclusion
regarding the shape of the path in the QU diagram, the fit suggests
that the depolarization trend might cross the origin. If this holds
true, it may indicate that (1) the ISP determination above is correct,
otherwise the straight line would not cross the origin, and (2) the
line formation region is much larger than that of the scattering region
(otherwise no significant depolarization would be detected). Similar
features are seen for the other lines (Appendix B).

One fascinating property of spectropolarimetric observations is
that they may, under some circumstances, reveal parts of the studied
object that would be completely hidden otherwise. This is illustrated
in the schematic representation of the two-component 4+ dust torus
model of Fig. 8 (more details about the model in the next section).
Depending on the viewing angle, the emergent flux from the inner
portions of the wind may be completely or partially obscured by the
dust torus. However, light from the inner regions may be scattered
off the polar wind and redirected towards the observer. Therefore,
the scattered flux (which is the total flux times the polarization level)
would indicate the spectrum of the inner structure as seen by the
scattering medium.

This is seen in Fig. 7 that displays the polarized flux for Ho, H 8,
and H y . The latter profile shows a distinct P Cygni profile, indicative
of an expanding region. This effect has been already reported for
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Figure 7. ESO/FORS normalized polarized flux for RMC 82 in the vicinity
of Ha, H B, and H y. The data were binned at every two points to increase
the S/N.

RMC 82 (Magalhaes et al. 2006). The information provided by the
polarized flux is precious as it reveals the structure of the velocity
in the innermost regions of the envelope (Magalhaes et al. 2006).
Relying solely on spectroscopic observations would not allow us
to deduce this information, as the P-Cygni profile is evident in the
polarized flux but absent in the total flux. Note that although a P
Cygni profile is not observed in the H « line, there are indications of
its presence in the H g profile, and it becomes more prominent in the
Hy line.

2.4 SED data

We use spectrophotometric data obtained from CTIO in 2009
with spectral coverage of 3450-7150 A (see Fig. 10, below). Data
reduction was performed in IRAF using a standard photometric star*.
We also use IUE satellite data (Program ID: OBMCG)® with spectral
coverage of 1150-3347 A. This IUE data were obtained in 1990.

Furthermore, we collected photometric data (visible and infrared)
from the literature using the VOSA tool (Bayo et al. 2008), which
includes data from Tycho-2 Catalogue (Hgg et al. 2000; Ochsenbein,
Bauer & Marcout 2000), DENIS Catalogue (Ochsenbein, Bauer &
Marcout 2000), AKARI/IRC mid-infrared all-sky Survey (Ochsen-
bein, Bauer & Marcout 2000; Murakami et al. 2007; Onaka et al.
2007; Ishihara et al. 2010), 2MASS All-Sky Point Source Catalog
(Ochsenbein, Bauer & Marcout 2000; Skrutskie et al. 2006), and
WISE (Ochsenbein, Bauer & Marcout 2000; Wright et al. 2010). We
also use the photometric data from Zickgraf et al. (1986) in the J, H,
K, L, and M bands (data from 1983).

This allowed us to put together a fairly well-sampled spectral
energy distribution (SED) of the object, with data ranging from

“https://iraf.net/irafdocs/spect/
5 Available on https://archive.stsci.edu/proposal_search.php?id=
OBMCG&mission = iue.

MNRAS 528, 122140 (2024)

‘ polarized
flux
hot fast wind

attenuated
flux

lind
/ | \

Figure 8. Schematic representation, based on Zickgraf et al. (1985), of
the two-component wind model plus dust torus showing the slow, dense,
equatorial outflow where dust can form, and the fast polar wind.

1150 to 220883 A. It must be noted, however, that data are not
contemporaneus.

3 MODEL DESCRIPTION

This section will provide an overview of the model adopted for
RMC 82, along with the computational tools utilized to create the
model and perform a comparison with the data.

3.1 Two-component model

We adopt a two-component model for RMC 82 following the para-
metric model formulated by Carciofi, Miroshnichenko & Bjorkman
(2010) for the FS CMa star IRAS 00470+6429. This model was
inspired by the suggestion of Zickgraf et al. (1985) that sgB[e]
possesses a slow and dense outflow, wherein dust can condensate and
grow, and a fast polar wind. As discussed above, such configuration
may arise if mass-loss is somehow enhanced in the equator. The
schematic representation of this two-component model can be
observed in Fig. 8.

Carciofi, Miroshnichenko & Bjorkman (2010) expressed the stellar
mass-loss rate per unit solid angle as

dM(©®)  dM(0)
aQ ~ dQ

where 0 is the colatitude measured from the pole. The ratio between
the equatorial and polar mass-loss rates is given by A; 4 1, which
takes only positive values since the mass-loss rate is larger at the
equator. The parameter m controls how the mass-loss rate changes
from the pole to the equator and can be used to define a disc opening
angle, A6 4, as the latitude for which the mass-loss rate has dropped
to half of its equatorial value:

A = sin! | (A1) ®)
2A,

The model assumes that gas motion occurs in the radial direction,
with material accelerating outwards according to a standard S-
law (Lamers & Cassinelli 1999). However, to account for the
fact that the terminal speeds are slower in the equator, Carciofi,
Miroshnichenko & Bjorkman (2010) assumed latitude-dependent

[1+ A;sin”(©®)] | D
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term, as follows:
v, (r, 0) = vg + [veo(0) — vol(1 — R/r)® )

where r is the distance to the centre of the star, vy is the velocity at
the base of the wind (r = R), v is the terminal speed of the wind,
and B describes how quickly the wind velocity increases as we move
away from the star. For simplicity, the authors assumed that v, and
B have the same latitudinal dependence as the mass-loss, so that

Voo(0) = vse(0) [1 + Assin” (0)] | (10)
and
B©O) = BO) [1 + Assin™(©)] . (11)

Similarly to A;, A, + 1 represents the ratio between the terminal
velocities at the equator and the pole, but A, < 0 as the equatorial
wind is slower than at the pole. A3 + 1 is the ratio between the
acceleration parameter § at the equator and the pole.

Finally, the authors employed the mass continuity equation to
connect equations (7) and (10)

am®)

G =Pt 0, 0), (12)
which allows writing the volume mass density as
dM(6)/dQ
)= —————. 13
pr0) =5 (13)

For more details about the model see Carciofi, Miroshnichenko &
Bjorkman (2010).

Carciofi, Miroshnichenko & Bjorkman (2010) established a crite-
rion for defining the region where dust grains form in the circum-
stellar envelope. It is based on ensuring that the temperature of the
grains remains below a specified destruction temperature, 7 ey, This
parameter can be interpreted in two distinct ways. It may indicate the
temperature above which the grains are destroyed, but it may also
represent the maximum temperature attained by the grains closest
to the star. In the former case, the innermost radius of the dust is
determined by the interplay of grain destruction and condensation
processes. Conversely, in the latter case, once grain production ceases
in the wind, they are carried away to greater distances from their
origin, leading to lower temperatures. Differentiating between these
two scenarios can be quite challenging. Irrespective of the physical
interpretation, there is a clear and unique association between Tyegr
and a specific dust destruction radius, R, Which represents the
minimum distance from the central star at which the grains can be
found.

Aside from Tyeqr, Other parameters are necessary to describe
the circumstellar dust. One parameter is the gas-to-dust ratio that
represents the amount of gas that can be converted into dust in a given
region of the envelope. In addition, we consider that the dust grains
are composed of silicates with optical properties given by Ossenkopf,
Henning & Mathis (1992). Grain growth is not considered in our
modelling. Another important parameter is the bulk density of the
dust grains, pgus, Which is necessary to convert from dust mass
density to dust number density. Finally, we adopt a distribution for
the sizes of the dust grains following Mathis, Rumpl & Nordsieck
(1977), given by

fla) oca?, (14)

where fis the fractional number of grains of size a. This distribution
is limited by a minimum and maximum grain size (@m;, and dmax),
respectively. The values of ain, dmax, and g can be seen in Table 5.
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Table 5. Two-component model parameters that are held fixed in this study.

Parameters Values Reference

M, 20 Mg Zickgraf et al. (1996)

R, 50Rg Zickgraf et al. (1996)

Aq 49 This work

Ay —0.7 This work

Az 2.75 This work

B(0°) 0.8 This work

B(90°) 3.0 This work

Rwind 15000 R, This work

V0o(0°) 1000 km s~ This work

V00(90°) 300 kms™! This work

Composition Silicate  Carciofi, Miroshnichenko & Bjorkman (2010)
Gas-to-dust ratio 200 Carciofi, Miroshnichenko & Bjorkman (2010)
Amin 1 pm This work

Amax 20 pum This work

q —3.5 Mathis, Rumpl & Nordsieck (1977)

A major step forward in our work in relation to Carciofi, Mirosh-
nichenko & Bjorkman (2010) was the usage of a comprehensive
model grid together with Bayesian statistical tools for parameter
inference. This is described in the next two subsections.

3.2 Modelling tools

3.2.1 Radiative transfer model — HDUST

The radiative transfer calculations were performed with the HDUST
code (Carciofi, Bjorkman & Magalhdes 2004; Carciofi & Bjorkman
2006) that solves the radiative transfer equation of polarized light
in circumstellar envelopes, using the Monte Carlo method. HDUST
allows for two components in the envelope: a gaseous region
containing hydrogen and free electrons, and a dusty region. Given
a prescription for the central star (luminosity, size, rotation rate,
etc.) and for the circumstellar envelope (dust composition, geometry,
density, velocity field, etc.), a solution is obtained in two steps. The
first step is an iterative scheme to solve the radiative transfer, radiative
equilibrium, and statistical equilibrium to calculate the gas and
dust temperature throughout the envelope. In addition, the hydrogen
occupation numbers are calculated in the NLTE regime. The second
step calculates the emergent polarized flux for arbitrary lines of sight.

Additionally, prior to proceeding with the second step of the code,
a manual assessment of the temperature profile of the dust grains is
required to determine the position of the dust region based on the
Tese criterion. Starting with an initial estimate of the distance from
the star where the formation of grains initiates, an iterative process is
carried out in which, if the grain temperature at a specific wind cell
exceeds Tgesr, the code eliminates the dust from that cell. Conversely,
if a cell devoid of dust exhibits a temperature below Tgeq, the code
introduces dust into that cell. At the end of this iterative scheme, a
value Ry, corresponding to the chosen Tyeg, is Obtained.

In HDUST, the gas and dust phases do not coexist. When dust is
present in a cell, gas is not present. This is a good approximation for
most of the envelope, as the dust absorbs much of the UV radiation
and the gas is expected to be neutral when dust is present. However,
this approximation may not hold in a sheath connecting the gas-only
phase with the dusty envelope.
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3.2.2 Markov chain Monte Carlo — EMCEE

To compare models with observations, we opted for a statistical
approach using Bayesian inference. We used the EMCEE code,® which
implements the Markov chain Monte Carlo (MCMC) method in
PYTHON (Foreman-Mackey et al. 2013).

In Bayesian formalism, the probability of a model describing the
data is given by the posterior distribution or probability. The posterior
depends on a prior probability, information already known for the
case at hand, and a likelihood probability, which is given by a direct
comparison of data and model. In most cases, the posterior cannot be
directly calculated, but can be sampled. EMCEE samples the posterior
distribution by calculating the likelihood of models, described by a
set of parameters, and the data, iteratively, with MCMC. As it is an
ensemble sampler, EMCEE employs many ‘walkers’ that, together,
search the parameter space and draw the samples, building the
probability density functions (PDFs) for all the parameters explored.
In addition, employing this technique allows us to obtain correlations
between the parameters.

At each step along the chain, a set of values for the model
parameters are suggested by the code. To effectively explore the
parameter space, the grid of models are interpolated on these values,
and the result is then compared to the data. The likelihood function
L employed in this study was

L oce 050, (15)

where x? is the chi-squared value. Two variations of x? distributions
were used. For the VOSA and Zickgraf et al. (1986) data, which span
a wide range of wavelengths and vary many orders of magnitude in
flux, we employed a logarithmic x2, given by

N 2

1og(Fobs,i/ Fmod,i)

=3 {7 . (16)
P UFObS_,/Fobs.i

For the rest of the data (IUE, CTIO 2009, and polarization), we used

a non-logarithmic form,

N F | 2
obs,i — L'mod,i
e 3 [ ]

i=1 UFubs,i

where F; are the observed fluxes, o, ; are the errors of observed
fluxes, and Fi,0q, are the HDUST model fluxes.

Considering the existence of four distinct observables with differ-
ent numbers of data points, we attempted to incorporate a weighted
x> approach that accounts for the respective number of points,
denoted as N, for each observable. The weighted x> formulation
is as follows:

2
XZ — <Xi121e + Xcztio + X\%osa 4 XPOI)

Niuc Nclio Nvosa Npol
X (Niue + thio + Nvosa + Npol) . (18)

We also used the literature measurements of the distance of the
system as a prior for the simulation. The prior is defined as a
Gaussian,

Tlobs — nmod>2 (19)

Otons

log pr(®, a) x —0.5 (

where 77,04 1S the random value of parallax 7w generated in each step
of the inference, and 7 4,5 and oy, are the literature parallax and its
uncertainty.

6 Available online under the MIT License: https://github.com/dfm/emcee.
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Table 6. Adopted model grid. Total models: 3240. Note that Afgisc is not
a free parameter, but derives from the value of m.

Parameters Values

Tett 24000, 28 000, 32 000 K

Tdeslr 600, 900, 1200 K

dM /dS2 (90°) 1x 10761 x 1075,3 x 1075 Mgyrlsr~!
Abgisc 10°, 12°, 15°

m 20, 30, 40

i 50°, 55°, 60°, 65°, 70°, 75°, 80°, 85°
Pdust 0.0001, 0.05, 0.15, 0.5, 3.0 gcm ™3

To estimate the confidence interval of the parameters, we calcu-
lated the median value from each PDF. Subsequently, we employed
a lo error approach, which is equivalent the range between the 16th
and 84th percentiles of the PDF. This interval provides a measure of
the uncertainty associated with the parameter estimation, capturing
the central 68 per cent of the PDF distribution.

3.3 Model grid

The study conducted by Carciofi, Miroshnichenko & Bjorkman
(2010) involves a model that has many free parameters, and as such
it may present some degree of degeneracy, which may be difficult to
assess. In order to keep the free parameters to a reasonable minimum,
while at the same time providing robust estimates for the other
parameters, the following procedure was employed:

(i) Several parameters were fixed according to their literature
values (parameters with references in Table 5).

(ii) In a first phase, the parameter space was manually searched
mainly aiming at reproducing the SED and polarization levels. This
initial study, which was quite time-consuming, allowed us to find
reasonable values for a number of parameters, listed in Table 5.

(iii) A number of free parameters were chosen according to their
importance in shaping the model emergent flux. These parameters,
outlined in Table 6, were employed to construct a comprehensive
grid of models, encompassing all potential combinations of these
parameters.

The central star was considered static and without rotation. For the
stellar spectrum, a Kurucz (1994) atmosphere model with the limb
darkening given by Claret (2000).

Some of the fixed parameters above deserve a more detailed
explanation. The dust composition is known to be a problematic
parameter (Speck et al. 2000). A proper treatment of the composition
would require extensive tests for a number of different species. We
then assumed the widely used composition of Ossenkopf, Henning &
Mathis (1992). The gas-to-dust ratio and pgqys are intrinsically
degenerate parameters. Thus, we assumed the former to an usual
value (200, Carciofi, Miroshnichenko & Bjorkman 2010) and con-
sidered the latter as a free parameter. The grain size distribution was
not explored in this work. Following Carciofi, Miroshnichenko &
Bjorkman (2010), we fixed dpmin = 1 um, dmax = 20 um, and g =
-3.5.

Our values for terminal wind velocity and parameters A, Az A,
were also obtained by preliminary analysis. The value A; = 49
indicates that the mass-loss rate is 50 times higher in the equator
than in the poles. The value A, = —0.2 means that the terminal
velocity in the equator is only 30 per cent of the terminal velocity
in the poles. Lastly, the value of A3 = 2.75 indicates that the wind
at the poles accelerates approximately 3.75 times faster compared to
the wind at the equator.
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A model grid was computed to explore six free parameters, namely
the effective temperature (7.s), the grain destruction temperature
(T4estr), the equatorial mass-loss rate dM /d€2(90°)), disc opening
angle (A8gis.), the inclination angle (i), and the grain dust density
(paust), Which, as explained above, controls the dust optical depth.
The values explored for each parameter are listed in Table 6. The
grid is comprised of 3240 models in total.

The extinction curve of the LMC utilized in this work was obtained
from Gordon et al. (2003). The value of E(B — V), the colour excess,
was also explored during the parameter inference process. Finally,
the distance is given to EMCEE as a Gaussian prior, with mean and
standard deviation given by the values of Pietrzynski et al. (2013;
Table 1).

To provide an overview of the computational resources needed
to complete the grid, a single model utilizing 128 cores requires
an average of 16 h to complete. Therefore, the completion of the
grid required about 1 million core-h. We utilized two clusters for
this purpose: alphacrucis, situated in the astronomy department of
the University of Sdo Paulo, Brazil, and the Mésocentre SIGAMM
located at the Observatoire de la Cote d’ Azur, Nice, France.

4 MODEL RESULTS

To explore the parameter space, the aforementioned model grid
was employed in combination with EMCEE, with the distance to the
LMC derived by Pietrzynski et al. (2013) as a prior. The simulation
utilized 185 walkers and a total of 100 000 steps to ensure sufficient
exploration of the parameter space and convergence of the sampler.
For the inference we took into consideration only the polarized
spectrum and the SED. The hydrogen line profiles were not used.
The outcomes of this analysis are presented in Figs 9-11.

Fig. 9 shows the PDFs of each sampled parameter in the diagonal
of the main corner plot. The off-diagonal diagrams indicate the
two by two correlations. Above each PDF and also in Table 7,
are the medians and confidence levels of each parameter. The inset
displays the convergence tracks of each parameter, indicating that
convergence was reached. All PDFs are well-defined and do not
extend beyond the range established in the model grid, indicating
that all parameters were properly constrained by the simulation.

Fig. 10 exemplifies how the model reproduces the SED, polarized
spectrum, and H « line profile. Regarding the SED, it is remarkable
to observe how closely the model reproduces the data across three
orders of magnitude in wavelength (from the UV to the mid-infrared)
and more than four orders of magnitude in flux. A significant portion
of the stellar UV flux (compare the blue and orange lines in Fig. 10)
is reprocessed by the wind, heating both the gas and dust and giving
rise to a pronounced infrared excess emission. Recall that the MCMC
method does not provide a best-fitting model, but confidence intervals
for the parameters. Therefore, to illustrate how the results depend on
the variations of the parameters we overplot, in Fig. 10, all 185
models corresponding to the last step in each walker.

We can also observe, in Fig. 10, that the polarized spectrum is also
accurately reproduced by the model. A reliable representation of the
polarized spectrum holds significance as the level of polarization
is influenced by both the geometry and mass (more specifically,
the number of free electrons) of the scattering region, which, in our
model, corresponds to the dense equatorial envelope. Of even greater
significance, however, is the polarization slope, which is determined
by the bound-free opacity prior to photon scattering (Haubois et al.
2014). In other words, the ‘colour’ of the polarized spectrum is
influenced by pre-scattering absorption, and the agreement between
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model and data provides assurance that our model opacities are
accurate.

Fig. 10 also showcases the H « line. Given the considerable optical
depth of H &, and the large equivalent width of the observations, EW
=302.5 A, it is anticipated that the emission emanates from a large
volume in both the fast and slow winds. However, our current model
does not yield satisfactory results in this regard. Despite numerous
manual attempts, we were unable to achieve a successful fit. This
aspect will be left for future investigations, as it is plausible that
the geometry and densities of the H a-emitting region differ from
our current assumptions and necessitate further exploration. An
alternate explanation is that instabilities in the wind may produce
clumps, i.e. compact structures or dense regions within a more diffuse
medium. When clumps are present, the resulting emission line may
have different characteristics compared to a homogeneous medium
(Sundqvist, Owocki & Puls 2012). In general, models with clumps
have larger H @ emission because H « is a p? diagnostics. Therefore,
it is possible that the inclusion of clumps in our model may help
solving the H o emission shortage.

Let us now discuss the particulars of the wind solution for RMC 82.
For T, our derived value is much larger than the estimate provided
by Zickgraf et al. (1986; compare Tables 1 and 7), who obtained
the reddening and spectral type of RMC 82 by comparing its SED
with the dereddened continua of Galactic supergiants. This method
clearly does not account for the intrinsic reddening caused by the
envelope (as the authors themselves point out). Hence, their value
ought to be regarded as a minimum threshold, thereby aligning
with our findings. Our value is not significantly discrepant from
that reported by Bonanos et al. (2009), who employed the TLUSTY
code (Hubeny 1988; Hubeny & Lanz 1995) to estimate the T of
RMC 82 as 25 000 K. Lamers & Pauldrach (1991) concluded that the
bistability mechanism is most effective within the temperature range
of 15000 < T < 30000 K. Our findings for the RMC 82’s T, falls
within this range, suggesting that the bistability mechanism remains
a viable possibility for this particular star.

The simulation provided a distance that is consistent with the
priors used, since the parallax of 19.0 £ 0.3 pas corresponds to a
distance range of 48-53 kpc. The E(B — V) value obtained in our
simulation is 0.3. In contrast, Zickgraf et al. (1986) reported a value
of 0.2, Bonanos et al. (2009) a value of 0.5, and our estimate based on
Tammann, Sandage & Reindl (2003) and Skowron et al. (2021)is 0.1.
These four different methods yielded distinct results, highlighting the
complexity surrounding the determination of the correct value for
the colour excess. As such, the precise value for the excess colour
remains an open issue.

Our equatorial mass-loss rate obtained is 6.6 x 107° Mg yr~!'sr™
Zickgraf et al. (1996) estimated the lower bound on the mass-
loss rate for RMC82 to be 1.1 x 1077 Mg yr~'sr™!. Our values
are approximately 60 times higher than the estimate by Zickgraf
et al. (1996). Their estimate was based on reproducing the Fell
line profiles. However, we believe our model was constructed
more comprehensively, as we took into account a wide range of
observables, including the SED over a broad wavelength range,
polarization, and hydrogen line profiles. This large equatorial mass-
loss rate produces an envelope that is quite dense. Using the values
of Table 7, we find that the mass density at the base of the wind is, at
the equator, 3.4 x 107'%g cm™3, very similar to the maximum density
found for Be star discs in the sample of Vieira et al. (2017). The total
mass of the envelope is estimated as 1.3 x 10°' gor 6.4 x 1073 Mg,
while 99.5 percent is in the gas phase and only 0.5 per cent in the
form of dust grains.

1
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Figure 9. Main plot: PDFs of each sampled parameter (main diagonal) and the correlations between them (off-diagonal). Upper right: Convergence plot. Each
line represents a walker. The vertical dashed line represents the burn-in phase length, indicating the range of steps that were disregarded for the PDFs.

The estimated disc opening angle was approximately 11° (with
an m value of about 38), indicating that the slow wind occupies a
significantly smaller volume compared to the fast wind. In contrast
to Be stars, where the vertical structure of their discs is determined
by hydrostatic equilibrium and expands with radius (Bjorkman &
Carciofi 2005), in this model, the gas follows the radial streamlines
of the wind, resulting in a constant disc opening angle.

A significant portion of the infrared emission can be attributed to
dust (see below). The EMCEE simulation suggests a Tgesr Of about
870K. This value is well constrained, as it controls the position of
the emission peak in the infrared, which is well reproduced by the
models. Ty, is uniquely associated with an inner radius of the dust
shell, Rqust. From the results of the simulation, we have that Ry
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= 277 R,, indicating that dust forms very far from the central star.
The grain bulk density, determined by the simulation, was found
to be approximately 0.05 gcm™. This low density indicates that
the dust grains possess a porous or ‘fluffy’ structure. As a point of
comparison, the determined grain density is significantly lower than
the density of pumice, reportedly one of the most porous rock on
Earth, with a density ranging from 0.25 to 0.85 gcm™, depending
on its specific composition and porosity (Anwar Hossain 2004). This
observation indicates that the dust grains contain substantial voids
or empty spaces. It is possible that these grains formed through the
aggregation of smaller particles, leaving gaps between their different
components. The grain density parameter is highly sensitive to the
number of grains present, and, in the model, defines the radial dust
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optical depth. In our analysis, we have established a fairly accurate
determination of this parameter as it plays a crucial role in regulating
the extent to which stellar radiation is reprocessed into the infrared
domain by the grains (Carciofi, Bjorkman & Magalhaes 2004). In
our model grid, we fixed the gas-to-dust ratio as 200. It should be
pointed out that any alterations to this value will subsequently impact
the number of grains and, in turn, the density of the grains. Even when
more conservative gas-to-dust ratios are considered, as typically used
for the Milk Way (100, Bohlin, Savage & Drake 1978), the dust would
still be considered porous. Additionally, we make the assumption of a
continuous mass-loss rate. If this value were to vary in time, it might
lead to significant changes in our model. For instance, fluctuations

in the mass-loss rate can induce changes in the envelope’s density
over time, subsequently influencing its temperature. Variations in
envelope temperature, in turn, can impact its spectral characteristics.

Using HDUST, we calculated, employing the median values of the
parameters (Table 7), images at several spectral domains, namely the
UV, visible, Ha, K, L, and N bands. These images, shown in Fig. 11,
portray the main areas within the envelope from which flux in these
bands originates. The UV and visible, primarily stemming from the
photosphere of the central star or the inner envelope, is scattered off
dust grains in the inner wall of the dust show, creating the double ring
structure seen in the figure. The H « visibly comes from a much larger
volume of the wind, as expected from the its large bulk in emission.
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Table 7. RMC 82 parameters obtained with EMCEE.

Parameters Values

Tegt [K] 27000559

Taesr [K] 8702

dM /dS2 (90°) [Mgyr—'sr~!] 6.6 x 1074+ 0.3 x 107°
Abgice [°] 11.0t§;§09

Pdust [gem™] 0.051% 5001

i[°] 69.071
EB-V) 0.34 £ 0.01

7 [pnas] 19.0+£0.3

Finally, the K, L, and N bands show with greater prominence the
inner dust wall (where the hotter dust grains are, see below), but
extend to progressively larger radii as the wavelength at which the
disc is seen grows. Differently than the UV and visible, the radiation
in this case comes from thermal emission from the dust grains. Note
that the inner gaseous wind is still prominent in all infrared images,
as the gas is a strong brehmsstrahlung emitter.

5 DISCUSSION

This section discusses several important aspects of the two-
component model of RMC 82. First, we show that the gas plays
a crucial role in absorbing a significant portion of the UV radiation,
thereby shielding the dust. Moreover, we demonstrate that the
presence of dust leads to an increased gas emission in the form
of Ha. Lastly, we explore the contributions of both gas and dust to
the polarization processes occurring within the envelope.

This analysis was performed adopting the following procedure.
We generated a single HDUST model identical to the one described
in Section 3 but with the parameters inferred by EMCEE in Table
7 (note that this specific set of parameters were not encopassed by
the model grid). This model is referred to below as the ‘gas + dust
model’. In addition, a purely photospheric model (i.e. without the
envelope) was generated using the parameters of Table 7 (‘photo-
spheric model’). Following this, we generated HDUST models for
two specific scenarios: an envelope composed only of gas (‘gas-only
model’); and envelope composed only of dust (‘dust-only model’).
All other parameters remained the same. The next subsections
compare different aspects of these four models.

5.1 UV shielding

The four models mentioned above are compared in the left plot of
Fig. 12. Both the photospheric model and the dust-only model present
matching flux levels in the UV that are much higher than the other
two models. This is because with the derived inclination angle of
about 70° and the opening angle of about 11°, light coming from the
star or the inner envelope does not cross a substantial amount of dust
to reach the observer. It follows that most circumstellar attenuation
in the UV is caused by the gaseous wind.

The comparison between the gas + dust model and the gas- and
dust-only models reveals the role of the gas and dust componentes in
the SED. Aside from the UV extinction, the gas primarily contributes
to the emergent flux in the wavelength range of approximately ~0.7—
2 um. However, beyond 2 pm, dust rapidly becomes the dominant
source of radiation by a large margin.

It is interesting to observe what happens when the gas component
is removed from the model, by comparing the gas + dust model with
the dust-only one. In the absence of gas, the dust is no longer shielded
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from the strong UV radiation of the central star. Because grains
cannot be hotter than T, the inner part of the dust shell is carved
away from the star, with the inner radius rising from about 277 R, to
nearly 875 R,. Despite the fact the dust content of the dust-only model
is much smaller than the gas + dust model (because the inner part of
the dust shell was removed in the simulation), the dust-only model
presents a much higher level of dust emission. This occurs because
the emitting surface of the dust inner rim becomes much larger in
the absence of the gas shielding, thus increasing its flux contribution.
In the gas + dust model, the gas redistributes a significant portion
of the stellar radiation toward the poles, preventing it from being
reprocessed by the dusty shell. This last point is readily apparent in
Fig. 11 (top left). The UV flux emanating from the dust rim results
from the scattering of stellar flux. The image illustrates that the inner
disc casts a shadow on to the inner rim, thereby highlighting the flux
redistribution mentioned earlier.

An important observation is that, even though we determined the
inner radius of the dust based on a specific destruction temperature,
each grain size reaches this temperature at varying distances. Fig. 13
illustrates the variation in dust grain temperature with size at 277 R,
for the gas + dust model. Notably, smaller grains exhibit much higher
temperatures compared to larger grains. Our choice for defining the
inner radius of the dust is based on the point where the smallest
(hottest) grains reach the destruction temperature at the colatitude of
the equator.

5.2 Backscattering

The comparison between the H « line emission for the four scenarios
explored above revealed an intriguing behaviour. The middle panel
of Fig. 12 shows that the gas-only model has a H« emission level
that is significantly lower than the gas 4+ dust model containing
both the gas and dust components. This seemingly contradictory
behaviour can be understood if one considers that the dust shell
acts like a barrier to the propagation of radiation arising from the
inner parts of the wind. While part of the radiation that interacts
with the dust is absorbed and reprocessed into the infrared domain,
a significant fraction is scattered back, providing an extra source of
heating to the inner wind. Indeed, Fig. 14, which shows the electronic
temperature versus distance along a colatitude 10°, indicates that at
some points the gas temperature is several thousand Kelvin hotter in
the gas + dust model than in the gas-only model. This backscattering
effect therefore ultimately increases the H o and, as shown in Fig. 12,
plays a significant role in determining the emergent spectrum from
the gas component.

From the above and the discussion in the previous section, we can
conclude that only a self-consistent model for sgB[e]s, with both gas
and dust, can take into account the complex interplay between these
two components.

5.3 Polarigenic mechanism

The different models discussed above enables us to identify the
relative role of each polarigenic mechanism — electron versus dust
scattering — on the total polarization level. For that purpose, we
compare the emerging polarization of each scenario in the right
plot of Fig. 12. The polarization of the dust-only model is rather
low (/0.2 percent) and has a weak spectral dependence, slightly
rising bluewards as a consequence of the increasing scattering
cross-section. Conversely, the polarization of the gas-only model
is much higher and possesses a complex wavelength dependence,
whose origin lies in the absorption of stellar radiation by neutral
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hydrogen atoms (Haubois et al. 2014). We conclude therefore that
the main polarigenic mechanism in the envelopes of sgB[e] is electron
scattering, but a detailed model of the polarization cannot ignore the
contribution of the dust grains.

6 CONCLUSIONS

In this paper, we investigated the envelope of RMC 82, a sgB[e] in the
LMC. We made use of new polarimetric and spectropolarimetric data
combined with photometric data from the literature and a parametric
model using the radiative transfer code HDUST.

We successfully obtained an estimate for the ISP in the direction
of RMC 82 by field stars imaging polarimetry in the B, V, R, and /
filters. This estimate proved to be challenging due to the significant
inhomogeneity of the field surrounding RMC 82. The resulting values
are presented in Tables 2 and 3 and were used to calculate the intrinsic
polarization of RMC 82.

The spectropolarimetric data indicate that the hydrogen lines, in
emission, are broad, intense, and approximately symmetrical. This
is evidence that there are large dense structures and that they are
expanding. Furthermore, we notice a strong depolarization across
the hydrogen lines. It occurs because the line photons suffer less
envelope scattering than continuum photons and, consequently, the
flux in the line will be less polarized than the continuum. The QU
diagram across the Ho line is consistent with a straight trajectory
crossing the origin, which allowed us to infer that the line formation
region is much larger than the scattering region. This also served as
an indirect indication that our derived ISP level and angle are correct.

A very interesting result, which was already reported by Mag-
alhdes et al. (2006), is that we could see P-Cygni profiles in the
H B and H y polarized flux profiles. The polarized flux reveals the
structure of the velocity in the innermost regions of the envelope and
would not be available from spectroscopic observations alone.

To model RMC 82’s data, we used the parametric model of Car-
ciofi, Miroshnichenko & Bjorkman (2010), depicted schematically
in Fig. 8. It consists in a slowly dense equatorial outflow wherein
dust grains can form (provided they are sufficiently far away from
the star), and a hot polar wind. After an initial manual investigation
in which we estimated some parameters and identified the most
important ones controlling the emergent spectrum, we built a grid
of 3240 models exploring the mass-loss rate, the dust destruction
temperature, the effective temperature of the star, the disc opening
angle, and the bulk density of the grains (see Table 6).

The model grid, combined with MCMC Bayesian statistics for
parameter inference, provided excellent fits for the observed SED
and polarized spectrum, but could not achieve a successful fit of the
H « line profile. The reproduction of the observed SED across a wide
range of wavelengths signifies that our models accurately calculate
the stellar flux and its subsequent reprocessing within the envelope
by both gas and dust. Furthermore, the successful reproduction of the
polarimetric data indicates that our models accurately determined the
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mass, geometry, and opacity of the scattering region. This outcome
is significant, as the degree of polarization depends on these three
factors. With this in hand, we hypothesize that our model provides a
good description of the slow equatorial flow, where most of the stellar
continuum is reprocessed by both the gas and dust, and where most
of scattering occurs, but is not reproducing the large Ho emission
volume.

During the MCMC analysis, several interesting results were
obtained from the inferred parameters. First, our effective tem-
perature of about 27 000K is 1.5 times larger than the one found
by Zickgraf et al. (1986), likely because the latter study did not
account for the circumstellar reddening. However, our estimate
is close to that presented by Bonanos et al. (2009) of 25000 K.
Furthermore, the temperature remains within the range at which the
bistability jump occurs, suggesting that this process is still a pos-
sibility to explain the asymmetrical mass-loss that forms RMC 82’s
envelope.

The inferred equatorial mass-loss rate is notably high, forming a
quite dense outflow with an equatorial mass density at the base of
the wind of 3.4 x 107%gcm™3 and a total mass of 1.3 x 10! g or
6.4 x 107> Mg, . We determined the temperature at which the dust
grains are destroyed (870 K), which is linked to an internal radius
of the dust shell of about 277 R,, indicating that dust forms far away
from the central object. Lastly, our findings indicate that the dust
grains possess a porous structure with an exceptionally low bulk
density, even lower than pumice, the most porous rock found on
Earth.

Our models show that the gas present in the envelope plays a
crucial role in obstructing and scattering a significant portion of the
UV emission originating from the central star. We arrived at this
conclusion by comparing our final model with a dust-only model,
excluding the gas component. In the dust-only model, the inner radius
of the dust formation was observed to occur much farther away from
the star, specifically at 875 R, in contrast to the 277 R, in the gas-
and-dust model.

Molecular opacity is probably an additional significant factor
in determining the extent to which dust grains are shielded from
UV radiation. It is important to highlight that, as HDUST does
not currently include these opacities, the level of UV shielding
represented in our models is likely a conservative estimate or a lower
limit.

An intriguing phenomenon we discovered was the backscattering
effect, induced by the presence of the dust layer. This conclusion was
reached by comparing our final model with a model consisting solely
of gas. Remarkably, the gas-only model exhibited significantly lower
H o line emissions compared to the gas + dust model. This led us
to infer that this is caused by a significant fraction of the UV stellar
radiation being scattered back towards the wind interior, thereby
further heating the gas and increasing the overall Ho emission.
Finally, we conclude that the main mechanism that causes the
polarization in RMC 82 is electron scattering, but dust scattering
should also be accounted for.

Our combined results suggest that only a model that self-
consistently takes into account the complex interplay between dust
and gas (shielding, back scattering, etc.) can provide an adequate
description of the complex environment found in sgB[e]s and similar
objects.
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Figure Al. Similar to Fig. 1, but for the V filter.
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APPENDIX A: IMAGING POLARIZATION APPENDIX B: SPECPOLARIMETRY
In this appendix, we show the polarization of the field stars around In this appendix, we show spectropolarimetry of the HS and Hy
RMC 82 in the V, R, and [ filters. from RMC 82.
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Figure B1. Similar to Fig. 5, but for H 8 and a fourth panel with the polarized
flux. The CTIO data is from 2002 and 2009, and the ESO/FORS data is from

2012.
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