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ABSTRACT

Context. Stars in transition phases, such as those showing the B[e] phenomenon and luminous blue variables (LBVs), undergo strong,
often irregular mass-ejection events. The prediction of these phases in stellar evolution models is therefore extremely difficult, if not
impossible. As a result, their effective temperatures, their luminosities, and even their true nature are not fully known.

Aims. A suitable procedure to derive the stellar parameters of these types of objects is to use the BCD spectrophotometric classifica-
tion system, which is based on the analysis of the Balmer discontinuity (BD). The BCD parameters (4,, D) have the advantage that
they are independent of interstellar extinction and circumstellar contributions.

Methods. We obtained low-resolution spectra for a sample of 14 stars with the B[e] phenomenon and LBVs. Using the BCD classifi-
cation system, we derived the stellar and physical parameters. The study was complemented with the information provided by the JHK
colour—colour diagram.

Results. For each star under investigation, the BCD system gives a complete set of fundamental parameters and related quantities
such as luminosity and distance. Among the 14 studied stars, we confirmed the classification of HK Ori, HD 323771, and HD 52721
as pre-main sequence HAeB|[e] stars, AS 202 and HD 85567 as FS CMa-type stars, and HD 62623 as sgB[e]. We also classified Hen
3-847, CD-24 5721, and HD 53367 as young B[e] stars or FS CMa-type candidates, and HD 58647 as a slightly evolved B[e] star. In
addition, Hen 3—-1398 is an sgB[e] and MWC 877, CPD-59 2854, and LHA 120-S 65 are LBV candidates. The stellar parameters of
the latter two LBVs are determined for the first time. We also used the size-luminosity relation to estimate the inner radius of the dust
disc around the pre-main sequence and main sequence Ble] stars.

Conclusions. Our results emphasise that the BCD system is an important and highly valuable tool with which to derive the stel-
lar parameters and physical properties of B-type stars in transition phases. This method can be combined with near-infrared (NIR)

colour—colour diagrams to determine or confirm the evolutionary stage of emission-line stars with dust discs.
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1. Introduction

Over the last few years, there have been huge advances in the
description of the internal structure of stars thanks to the inclu-
sion of ingredients such as rotation, diffusion, mixing, mass
loss, new opacities, diverse metallicities, binarity, and so on (cf.
Althaus et al. 2010; Ekstrom et al. 2012; Farrell et al. 2019).
Nevertheless, despite the significant effort made to deepen our
understanding of specific short phases in the life cycle of the
stars, several of these transition states are still poorly understood.
Among them are the stars showing the B[e] phenomenon and
luminous blue variables (LBVs). At present, the occurrence of
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these types of objects cannot be predicted with stellar evolu-
tion models. Whether or not this failure is due to the lack of
physical inputs in the stellar evolution models of single stars is
unknown. This specific evolutionary state might be connected to
phenomena occurring during binary star evolution, in particular
the occurrence of mergers (Podsiadlowski et al. 2006; de Mink
et al. 2013), but debate is ongoing. However, noteworthy in this
respect is that post-interactive binary stars display strong similar-
ities to either blue hypergiants or LBVs due to the presence of a
dense circumstellar medium similar to that of B[e] stars resulting
from a high mass-transfer rate (Farrell et al. 2019).

Stars with the B[e] phenomenon present strong Balmer emis-
sion lines in their optical spectrum, as well as forbidden and
permitted emission lines of neutral and singly ionized met-
als. They also display a strong infrared (IR) excess and linear
polarisation due to the presence of a dusty ring-like structure
(Coyne & Vrba 1976). Furthermore, this group of objects is very
heterogeneous in an evolutionary sense. Lamers et al. (1998)
classified many objects exhibiting the B[e] phenomenon into cat-
egories such as pre-main sequence (pre-MS) intermediate-mass
stars (Herbig Ae/Ble], HAeB[e]), evolved low-mass (compact
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planetary nebulae, cPNB[e]) and high-mass (supergiants,
sgB[e]) stars, and also symbiotic systems (symB[e]). How-
ever, more than 50% of the Galactic objects with the Ble]
phenomenon have an unclear nature; they are referred to as
unclassified B[e] (unclB[e]) stars, and require further and more
exhaustive exploration (Condori et al. 2019). From this last
group, Miroshnichenko (2007) identified many stars with prop-
erties similar to those of FS CMa and proposed a new group: the
FS CMa stars. These authors propose that they would be Ble]
binary systems that are currently undergoing or have recently
undergone a phase of rapid mass exchange, showing a spectrum
dominated by the B-type star.

The B[e] phenomenon itself seems to be related to the pres-
ence of a very complex circumstellar environment around B-type
stars. In general, these stars have dense equatorial discs, as was
initially suggested by Zickgraf et al. (1985) and confirmed later
with interferometric observations, for example by Domiciano de
Souza et al. (2007), Meilland et al. (2010), Borges Fernandes
et al. (2011), Cidale et al. (2012), and Varga et al. (2019). The
great challenge in the study of stars with the B[e] phenomenon
is to understand how they form their circumstellar envelope (CE)
— each with very similar spectral characteristics — whilst going
through such different evolutionary stages and, furthermore, how
these CEs would subsequently evolve.

The other intriguing group of stars in a transition phase are
the LBVs. These are post-main sequence massive objects char-
acterised by intense and fast mass-loss events, usually called
eruptions (Humphreys & Davidson 1994; Mehner et al. 2017,
Campagnolo et al. 2018; Weis & Bomans 2020). The origin
of these eruptions is not well known, but many studies have
indicated an instability region in the upper Hertzsprung—Russell
diagram (HRD). The LBVs located in this region would have
high rotational velocities close to the critical speed (Wolf 1989;
Clark et al. 2005; Groh et al. 2009). However, Groh et al. (2006)
suggested the existence of two groups of LBVs in the Galaxy:
one with high and another with low rotational speed.

As stars with the B[e] phenomenon and LBVs are deeply
embedded in their circumstellar media, it is extremely diffi-
cult to assign their fundamental parameters and classify them.
Quite often, sgBJ[e] stars are confused with LBVs in quiescence,
which share very similar optical spectroscopic characteristics
(Kraus 2019). Moreover, distances to many of the peculiar Galac-
tic objects are not well known either, because their luminosity
or parallax cannot be properly determined. Furthermore, low-
luminosity Galactic sgB[e] stars often overlap with the most
luminous massive pre-MS objects (HAeB[e]) and cannot eas-
ily be disentangled from each other (Kraus 2009). Therefore, to
solve these issues, it is important to obtain precise stellar param-
eters not only for classification purposes but also as input to
models of stellar evolution. Furthermore, although Gaia paral-
laxes have been determined for many peculiar Galactic objects,
there are still significant differences between photometric and
parallax distances for other OB Galactic stars (Shull & Danforth
2019), and therefore their luminosities remain poorly estimated.
In addition, stars with the B[e] phenomenon have very extended
circumstellar discs or envelopes, whose structure is variable and
not necessarily symmetric. However, the radiation they emit can
contribute significantly to the overall luminosity of the object,
which can significantly change the position of the overall photo
centre detected by Gaia, leading to deviations in the parallax
estimation (Xu et al. 2019; Stassun & Torres 2021; Chiavassa
et al. 2022).

A way to overcome these difficulties is to make use of
the empirical BCD spectrophotometric classification system
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(Barbier & Chalonge 1941; Chalonge & Divan 1952), based on
the analysis of the Balmer discontinuity (BD) among F- and
B-type stars. One of the major advantages of this classifica-
tion system is that the parameters that characterise the BD are
independent of the interstellar extinction and the circumstellar
contribution (extinction or emission, Zorec & Briot 1991). This
system was already successfully applied to study not only stars
with the B[e] phenomenon (Cidale et al. 2001) but also Be, Bn,
and B supergiant stars (Zorec et al. 2005, 2009; Cochetti et al.
2020b). These latter authors also illustrated the application of the
BCD system to stars showing a second component of the BD (in
absorption or emission). This second BD (SBD) is produced in
a low-density gaseous environment of some emission-line stars
(Divan 1979); for more details see Aidelman et al. (2012, 2018,
Sects. 3.1 and 5.1, respectively). In this work, we propose the use
of the BCD spectrophotometric classification system to analyse
mainly Galactic stars that either show the B[e] phenomenon or
were identified as LBV candidates. Particularly, the selected stars
have an uncertain classification or scarce data available.

The paper has the following structure: observations are
described in Sect. 2; Sect. 3 introduces a summary of the
BCD spectrophotometric classification system; Sect. 4 gives the
obtained stellar parameters and describes the main results for
each star; Sect. 5 presents a discussion and our conclusions. In
Appendix A, previous studies on each star are briefly outlined.

2. Observations

We obtained low-resolution spectra of a sample of emission-line
B-type stars using a Boller and Chivens spectrograph attached to
the 2.15m Jorge Sahade telescope at the Complejo Astronémico
El Leoncito (CASLEO), San Juan, Argentina. The spectra were
taken on several runs from 2001 to 2012 (see Table 1). Two dif-
ferent setups were selected. Before 2011, we used a grating with
600 ¢mm~" (#80, blazed at 4000 A), a PM 512 CCD detector,
and slit widths of 250 um and 350 um (according to the aver-
age seeing at the CASLEO). The covered spectral wavelength
interval ranges from 3500 A to 4600 A with an inverse linear dis-
persion of ~4.8 A per two pixels (that is R ~ 1000 at ~4500 A).
In 2012, we selected a grating with 600 £ mm~', a CCD detec-
tor TEK 1024, and a slit width of 350 pm, covering the spectral
range between 3500 A and 5000 A. The inverse linear dispersion
is ~5.2 A per two pixels (R ~ 700 at ~4500 A).

A subset of our program stars was observed with a Boller
and Chivens spectrograph attached to the 1.6m Perkin-Elmer
telescope at the Laboratério Nacional de Astrofisica (LNA),
Brazépolis, Brazil. The data were taken on 2012, February
29, and April 11. The instrumental setup made use of a grat-
ing with 600 ¢ mm~!, a slit width of 400 wm, and a Marconi
CCD 42-40-1-368 (2048 x 2048 pixels) detector, which pro-
vides an inverse linear dispersion of ~2.12 A per two pixels
(R ~ 2000 at ~4500 A). The wavelength coverage of the spectra
is 3500-5000 A.

Spectra of He—Ne—Ar (CASLEO) and He—Ar (LNA) com-
parison lamps were acquired at the same sky position of every
science target to perform the wavelength calibration.

All spectra were reduced with the IRAF' software pack-
age following a standard procedure, such as bias and overscan

1 IRAF is distributed by the National Optical Astronomy Observa-
tory, which is operated by the Association of Universities for Research
in Astronomy (AURA), Inc., under a cooperative agreement with the
National Science Foundation.
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Table 1. Journal of available spectra.

ID my Obs. date Observatory Texp Reported
yy-mm-dd (s) classification

Hen 3-847 10.58 2012-03-01 LNA 1200 (1) HAeBe/post-AGB/sgOB/unclB|[e]
2001-03-09 CASLEO 900/600 (2)

AS202¢ 9.72 2012-04-11 LNA 900/1500 (3) HAeBe/FS CMa-type
2012-02-05 CASLEO 900 (1)

Hen 3-1398 10.62 2011-05-13 CASLEO 2000 (1) HAeBe/B[e]/nova

HD 62623 3.93 2012-02-04 CASLEO 10 (1) sgAle]/sgBle]

HK Ori® 11.10 2001-03-09 CASLEO 2100 (1) HAeBe/HAeB|[e]

CD-245721® 10.98 2001-03-08 CASLEO 1800 (1) unclB[e]/FS CMa-type

HD 85567 8.57 2001-03-08/10 CASLEO 300 (2) HAeBe/symB[e]/YSO

CPD-592854 10.50 2001-03-08 CASLEO 1500 (1) Ble]

MWC 877 9.27 2001-03-10 CASLEO 300/600 (2) EM

HD 323771 11.23 2001-03-08 CASLEO 2200 (1) HAeBe

HD 52721 ® 6.59 2012-02-04 CASLEO 60 (1) HAeBe/CBe

HD 53367 6.96 2012-02-06 CASLEO 60/120 (2) HAeBe

HD 58647 6.85 2012-02-06 CASLEO 120 (1) HAeBe

LHA 120-S 65®™MO  13.39 2006-01-20 CASLEO 900 (1) EM

Notes. Apparent visual magnitudes (from SIMBAD database), observing dates, the observatory where the spectra were taken, and exposure times
(the number in brackets gives the total number of exposures). The last column lists the different classifications assigned to each star in the literature
(for details see Appendix A). ®)Stars in binary or multiple systems; ®M©Star in the Large Magellanic Cloud; HAeBe: Herbig Ae/Be star; sgOB:
supergiant OB-type star; YSO: young stellar object; EM: emission-line star; CBe: classical Be star.

subtraction, flat-field normalisation, and wavelength calibration.
The flux calibration was performed by observing flux stan-
dard stars selected from Hamuy et al. (1994) on each night of
observation.

From the whole sample of observed emission-line stars, we
selected a subset of 14 stars that have a measurable Balmer
jump to derive their fundamental parameters and analyse their
evolutionary states. This star sample and the details of our
observations are given in Table 1.

3. The BCD spectrophotometric classification
system

The BCD spectrophotometric classification system developed by
D. Barbier, D. Chalonge, and L. Divan (referred to as simply
the ‘BCD system’, Barbier & Chalonge 1941; Chalonge & Divan
1952, 1973, 1977), is a very useful tool for an adequate classifica-
tion of stars with spectral types between O9 and F9. It is based on
four measurable parameters in the vicinity of the BD: the height
of the Balmer jump (D), its mean position (1), and two colour
gradients (®,, and ©;).

A summary of the BCD parameters is presented here. The
parameter D is defined as

F 3700 )
~3700

D= log( (D)
where F.3700 is the flux determined by extrapolating the slope
of the Paschen continuum at the position 43700, and F_37gg is
defined as the flux value towards which the highest members of
Balmer series converge and is given by the intersection of the
vertical line at 13700 and the lower curve wrapping the Balmer
line cores (see the upper panel of Fig. 3 in Aidelman et al. 2012).
The parameter A; is defined by the intersection point between
a parallel line to the Paschen continuum, traced at D/2, and
the upper wrapping of the wings of the Balmer lines. Among

dwarf stars, D ranges from near 0.0 dex to about 0.5 dex. The
higher values correspond to the A3—4 spectral types, while the
lower ones are roughly for O4-5-type stars (the hotter side) or the
FO9-type stars (the cooler side). For luminous blue supergiants,
the Balmer jump is no longer seen in the B early spectral types
(see Fig. 10 in Zorec et al. 2009).

The colour gradients are determined from observations using
the definition provided by Allen (1976),

5

ooz -3)
/lb F Ay /la /lb

where 4, and Ay, are the edges of the selected wavelength ranges.

Thus, ®,, and @, are determined in the wavelength range of

3150-3700 A and 40004800 A, respectively.

A detailed description of the BCD system, determination of
the BCD parameters, and error estimates can be found in Zorec
et al. (2009, 2023), Aidelman et al. (2012, 2018), and Aidelman
(2017).

The height and position of the main BD are related to the
physical properties of the stellar photospheres and allow us to
derive the effective temperature (7), surface gravity (log g),
and absolute visual (M) and bolometric (My,) magnitudes
through empirical relations obtained by Zorec et al. (2009),
Zorec & Briot (1991), and Zorec (1986). Furthermore, as there is
a direct relationship between the BCD and the MK systems, it is
also possible to derive the spectral type and luminosity class.

The slope of the Paschen continuum gives the extinction,
Ay = R, E(B - V). For this purpose, we prefer to use the fol-
lowing expression for E(B — V) given by Aidelman et al. (2012),

E(B~-V)=0.68(Dy — DY) = 0.75 (Dyp, — DY) mag

0 0 3
A, = 211 (D, — DY) = 2.33 (Dy, — DY) mag,

where @, and (ng are the observed and intrinsic colour
gradients in the wavelength range 40004600 A, while @y, and
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Fig. 1. Low-resolution flux-calibrated spectra taken in CASLEO and LNA for the sample of B[e] and LBV stars that present the BD, but the SBD
is absent. The main spectral lines are highlighted. The flux units are erg cm™2 s™' A~!,

<I>8 are the observed and intrinsic colour gradients for the interval

4000—4800 A. The E(B — V) expression was obtained assuming
that R, = 3.1, which is the usual value for the diffuse interstellar
medium (Cardelli et al. 1989; Schlafly & Finkbeiner 2011).

To perform all these measurements, we used the interac-
tive code MIDE3700% written by Y. A. in Python language
(Aidelman 2017). By fitting the Balmer and Paschen con-
tinua and the upper and lower envelopes of the Balmer lines,
the code computes both the BCD and fundamental stellar
parameters.

4, Results

Figures 1 and 2 display the flux-calibrated spectra of the 14 stars
that show a measurable Balmer jump. Typical lines identified in
the B-type spectra are: H1, He1, Mg11, Cari, SiIr, SiIl, Si1v,
C11, and He 11 (for the hottest spectral types). Some other dis-
tinctive emission lines of Fe 11, [Fe11], O11, TiIl, and so on are
also indicated. The obtained BCD parameters from the observed
BD are given in Table 2.

Only five stars show the typical photospheric BD: AS 202,
HK Ori, HD 52721, HD 323771, and CPD —-59 2854 (see Fig. 1).

2 The code MIDE3700 is available upon request.
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Table 2. BCD parameters of our star sample.

ID D A1 =3700 Dy o, SBD
(dex) A) (um)  (pm)
Hen 3-847MNA .28 47 e 1.39 E
Hen 3-847 0.29 43 1.24 e E
AS 202N 0.45 66 1.34 N
AS 202 0.41 72 e 1.20 N
Hen 3-1398 0.02 26 1.72 e E
HD 62623 0.30 18 ‘.- 1.39 A
HK Ori 0.38 55 1.73 e N
CD-24 5721 0.05 61 1.65 E
HD 85567 0.19 47 1.20 E
CPD-59 2854 0.13 39 1.58 N
MWC 877 0.04 19 2.86 E
HD 323771 0.23 71 1.47 e N
HD 52721 0.14 82 e 0.97 N
HD 53367 0.06 48 1.46 E
HD 58647 0.41 45 e 0.86 A
LHA 120-S65  0.09 36 0.78 e E

Notes. The SBD can be in emission (E), absorption (A), or absent (N)
is also indicated.
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Fig. 2. Low-resolution flux-calibrated spectra taken in CASLEO and LNA for the sample of B[e] and LBV stars that present the BD and the SBD.
The main spectral lines are highlighted. The flux units are in erg cm™2 s~ A~!.

The peculiar star in the Large Magellanic Cloud (LMC),
LHA 120-S 65, shows an SBD in emission, as is the case for the
other six Galactic stars: Hen 3—847, Hen 3—1398 (very weak),
CD-24 5721, HD 53367, HD 85567, and MWC 877. By contrast,
in HD 62623 and HD 58647 the SBD is in absorption (see
Fig. 2).

Table 3 lists the stellar parameters: spectral type (ST), Tef,
log g, ®° (@Y or @, as appropriate), My, and My, which were
derived from the pair (1;, D); and the total absorption Ay, which
was computed with Eq. (3). The luminosity classes for stars with
Ay — 3700 > 70 A are outside of the BCD spectral-type calibra-
tion and are indicated with a ‘V:” in Table 3. On the other hand,
as the BCD calibration for log g of early-type B supergiants has

not yet been carried out; these values were estimated from the
T.g—log g relationship found by Haucke et al. (2018, given in
their Fig. 7).

An additional set of parameters is given in Table 4,
such as the stellar luminosity in terms of the solar lumi-
nosity, log (L/Ly); the inverse of the ‘flux-weighted gravity’,
log (£/Ls), where L = T:ﬂ /g (Langer & Kudritzki 2014); and
the true distance modulus, (m — M, )g and the corresponding dis-
tance, d. Column 6 in Table 4 gives the distance, dg, to each
star that results from the measured parallaxes by the Gaia mis-
sion, Early Data Release 3 (EDR3, Bailer-Jones et al. 2021),
and the corresponding errors. Values of log(L/Ls) were derived
from My.
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Table 3. Stellar parameters obtained from the BCD system.

ID ST Ter logg Q° M, My, A,
(K) (pm) (mag) (mag) (mag)

Hen3-847%N%  BeIV  15133+1234 38+0.10 0.78+0.01  —1.00+0.22 -2.00+0.32 1.30+0.03
Hen 3-847 B6IV 14905 + 1071 36£020 078+0.01 -1.25+0.21 -217+027 1.12+0.03
AS 202LNA) AlV: 10408 + 548 43+0.06  0.98+0.03 0.75+0.18 -0.14+£027 0.78£0.06
AS 202 AOV: 10335 + 757 45+006  093+0.03 0.65+039C  033+042®  0.56+0.06
Hen3-1398 BO-1Ia 25000+ 1500 2.9+0.119D  0.69+0.01 -6.43+0.039 -8.62+0.15" 2.39+0.03
HD 62623 B9Ib 11136 £318  1.5+0.05% 0.88+0.02 —6.25+0.059 —-6.75+0.099 1.09 +0.03
HK Ori B9V 11940 + 380 41+0.06  0.85+0.02 0.06 £ 0.24 —0.78 £0.14  2.05+0.06
CD-245721 08IV 36667 +3503 3.94+0.09 0.66+0.02 -4.50x0.77 -7.00+0.39  2.29 +0.06
HD 85567 B3I 20000+1639 3.7+0.16 073+001 -233+033 -3.83+042 1.12+0.03
CPD-59 2854 B21I 21000 + 917 29+£008 071+0.01 -425+047 -550+0.50 2.02+0.03
MWC 877 B3la: 200002292 25+020% 072+001 -6.33+0.070 -822+026" 4.96+0.03
HD 323771 B5V: 17500+ 1250  4.3+0.02  0.76 +0.01 -120+0.19 -246+0.34  1.80+0.03
HD 52721 B2V: 27361 +2611: 4.4+0.09: 0.74+0.03: —1.61+047: -326+1.09:  0.50 +0.06
HD 53367 BOII  32113+4616 29+0.16  0.68 0.0l —4.6+1.35 -6.77+0.58  1.30+0.03
HD 58647 BYIV 12203 + 600 34+£0.14  087+0.02 -0.50x0.13 -125+0.19  0.00 = 0.06
LHA120-S65  B2Ib 22000+ 1031 2.6+0.08" 070+0.01 —5.67+0.63 -7.00+0.62  0.19+0.03

Notes. @° is @) or @Y, according to the wavelength range. The symbol :

> indicates extrapolated values. "The log g values are estimated from the

T.g—log g relationship (log g = 3.98 log Tt — 14.64) found by Haucke et al. (2018). © M, values are estimated from tables given by Cox (2000).
(") My, values were calculated using the bolometric correction given by Flower (1996).

Table 4. Additional set of stellar parameters for the star sample.

D log(L/Lo) ~ log(L/Lo)®  (m =My d dg ™)
(mag) (pc) (po)
Hen 38470\ 269+0.13 231010  1026+0.23 1127 £ 118 649723
Hen3-847(CASLEO) 276+ 0.11  248+020  10.79+0.22 1440 + 143 649793
AS 202088 194011  1.16+0.06  8.20+0.20 437 £ 40 3353
AS202(CASLEO) 176 £0.17  095+0.06  850+0.40 502 +91 335+
Hen 3-1398 534006 411011 1466006  8536+236 1780+
HD 62623 459+0.04 411005  9.11+0.18 662 + 54 1124+357
HK Ori 220+£006 156006  9.00+024 630+ 71 -
CD-245721 469016 371010 1314077 42451515 325548
HD 85567 3424017  299+0.16  9.80+0.33 913+ 138 1036717
CPD-592854 4.09+0.20  3.82+0.08  12.72+048 3505+ 768 31447108
MWC 877 5.18+0.10  4.12+021 1057 +0.08 1297 + 46 150178
HD 323771 287+0.14 202004 10.78+£020 1432129 1074738
HD 52721 3.19+044  272+0.10  7.72+042 479760+ -
HD 53367 46+023  449+0.17 1027+ 1.35 1131 701 1599+92¢
HD 58647 239+£008 232+0.14  735+0.13 295 +7.67 3022
LHA 120-S 65 469+025 412+008 1887063 5956417305 27343713324

Notes. “log(L/.Ls) = 4log(T.q) — log g — log L (Langer & Kudritzki 2014). ®”Distance values taken from Bailer-Jones et al. (2021). ®*)The
distance was calculated assuming a binary system with a difference of 0.7 mag in m, (Aitken & Doolittle 1932).

4.1. The Hertzsprung—Russell diagram

To analyse the results, the locations of the studied stars were
plotted in the HRD (see Fig. 3, left panel) together with the evo-
lutionary tracks computed with and without rotation (Q/Q, =
0.4 and Q/Q. = 0.0), respectively by Ekstrom et al. (2012).
These values are compared with the luminosity expected from
the Gaia distances (dg, grey symbols), which was obtained
using the apparent magnitude my from SIMBAD, the bolomet-
ric correction given by Flower (1996), and the colour excess
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E(B - V) derived from the BCD system. We also constructed
a spectroscopic Hertzsprung—Russell diagram (sHRD, Langer &
Kudritzki 2014), which can be seen in the right panel of Fig. 3.
This diagram provides a distance-independent measurement of
the stellar luminosity-to-mass ratio. This kind of diagram could
help us to decipher the evolutionary stage of a star, particularly
when it is ambiguous.

In the HRD, we find that most of the stars of our sample
are in the main sequence (MS) or pre-MS stage, while only
a few are evolved objects. Instead, in the sHRD, many stars
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Fig. 3. Left: Hertzsprung-—Russell diagram for the stars of our sample (coloured symbols). The grey circles indicate the positions of stars as if
they were located at distances given by Gaia EDR3 (Bailer-Jones et al. 2021). The BCD and Gaia positions of the same object are connected
with dotted lines. Evolutionary tracks with and without rotation (Q2/Q. = 0.4 and Q/Q, = 0.0 in dotted and solid lines, respectively) were taken
from Ekstrom et al. (2012). The positions of Hen 3—847 and AS 202 correspond to mean measurement values obtained at CASLEO and LNA.
Right: spectroscopic Hertzsprung—Russell diagram. The dashed black line at log £/ L = 4.6 corresponds to the Eddington luminosity limit for a

hydrogen-rich composition (Langer & Kudritzki 2014).

appear to be more massive and evolved than in the classical
HRD. In both diagrams of Fig. 3, stars HD 52721, HD 53367,
HD 323771, Hen 3—847, CD-24 5721, and AS 202 are located
on the zero-age main sequence (ZAMS) or very near to it.
The known mass discrepancy problem is briefly addressed
in Sect. 5.2.

4.2. The JHK colour-colour diagram

We use the NIR JHK colour—colour diagram (shown in Fig. 4)
as a supplementary tool to help us in our discussion of the con-
troversial nature of the stars in our sample. There, we point out
particular regions where B[e] supergiants (green box), LBVs
(blue box), and Herbig Be/Ae stars with a moderate or large IR
excess (orange box) are usually located (Cochetti et al. 2020a;
Kraus 2019; Oksala et al. 2013). The NIR colours were corrected
using the Ay values derived from the BCD spectrophotometric
system given in Table 4 and the reddening law was obtained from
Wang & Jiang (2014).

For completeness, we also defined in the NIR colour—colour
diagram the region where stars that present the Be phenomenon

are located (box and symbols in cyan). We used 3374 Be stars
taken from the literature® to delimit this region. This region
is contaminated with Herbig Ae/Be (HAeBe) stars that have a
small NIR excess (Aidelman & Cidale 2023).

Based on the JHK true colours of the stars, we identify four
stars (Hen 3—1398, HD 62623, CD-24 5721 and AS 202) in the
region of the B[e] stars (mainly supergiants, Oksala et al. 2013);
three stars (HD 52721, CPD-59 2854, and LHA 120-S 65) that
are inside the LBV box; and four stars (HD 58647, HD 85567,
HD 323771, and HKOri) that are among the HAeBe stars,
although HD 58647 and HD 85567 are located in a region that
is also shared by the B[e] supergiants. Finally, we identify three
stars (Hen 3—847, HD 53367 and MWC 877) that are outside of
the previously defined regions.

3 The Be Star Spectra database (BeSS); the CoRoT spectroscopic Be
stars Atlas; SIMBAD database; Cochetti et al. (2020b); Hou et al.
(2016); Jaschek & Egret (1982); McSwain & Gies (2005); McSwain
et al. (2009); Raddi et al. (2015); Vioque et al. (2020), and Witham
et al. (2008).
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Fig. 4. Near-infrared colour—colour diagram. Apparent colours are marked by coloured symbols and true colours are represented by filled grey
circles. Data for the same stars are connected with arrows. The thick grey line on the left defines the location of classical supergiants (Worthey &

Lee 2011).

4.3. Comments on individual objects

In previous sections, for each star of our sample, we anal-
ysed their low-resolution spectra, identified individual lines, and
obtained the BCD parameters. Below we comment on our main
results regarding the nature and stellar parameters of the studied
stars. See Appendix A for details on previous studies.

Hen3-847 (CD-487859, V1028Cen, IRAS 12584—
4837). This star has an uncertain evolutionary stage. Our
low-resolution spectra show an SBD in emission, revealing
the presence of a dense CE (see Fig. 2). The highest members
of the Balmer series are in absorption. The Hy line shows an
incipient emission at its core, while the HB line (shown in the
LNA spectrum) displays a broad photospheric absorption with a
narrow central emission line. Emission lines of Fe 11 and [Fe 1]
are also present. From the spectra taken at different epochs, we
derive similar BCD (4, D) parameters, although the colour
gradients are slightly dissimilar because they are measured
on spectra with different wavelength ranges. The mean stellar
parameters are: Tex = 15020 K and log g = 3.7 (see Table 3).
These values are in excellent agreement with those found in the
literature (see Table A.1).

A21, page 8 of 22

We estimated a mean visual absolute magnitude of M,
—1.13 mag, A, = 1.21 mag, and a distance of d ~ 1210
180 pc. This latter value is in between the distances given by
Verhoeff et al. (2012, d = 1660 pc) and Bailer-Jones et al. (2018,

d = 9973@ pc), but shows a large discrepancy with the new

value listed in Gaia DR3 (649i2§ pe).

Based on the location of the star in the HRD and sHRD
(shown in Fig. 3), the star could be either a MS or pre-ZAMS
star with an initial stellar mass of 5 M or 6 M. However, the
star is located outside of the HAeBe and sgB[e] regions in the
NIR colour—colour diagram. Although the anomalous colours
of this star are reminiscent of those observed in the FS CMa
type objects (Miroshnichenko 2007), the star has not yet been
confirmed as a binary system.

H 1l

AS202 (Hen 3-174, IRAS 08307-3748, FX Vel). The low-
resolution spectra display mainly broad photospheric H lines in
absorption that reveal an AQV star. We also identify weak HeT
lines.

The H and Call lines are variable. Particularly, the HGS line
profile presents a narrow and variable emission component at its
core. This component seems to be weaker than the one reported
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by Miroshnichenko et al. (2007). No other emission lines are
observed in the optical spectral range shown in Fig. 2.

Using the BCD spectrophotometric system, we classify the
primary star as an AO-1 V spectral type located at a mean dis-
tance of 470 pc. The obtained spectral type agrees with the
classification done by Eggen (1978) and Aldoretta et al. (2015),
while the distance derived from the BCD parameters is some-
what greater than the one obtained from Gaia mission (d =
353tg pc and d = 3353 pc, Bailer-Jones et al. 2018, 2021,
respectively). Based on the location of AS 202 in the HRD, it
could either be a MS or a pre-MS star with an initial stellar mass
of 2.3-3 M, (see Fig. 3).

Hen3-1398 (CPD-386814, MWC878, IRAS17213—
3841, CD-3811837). The stellar spectrum shows the high
members of Balmer lines in absorption. The core of Hy,
He 11 14686, and lines of Fe 11 and [Fe 11] are in emission. Strong
diffuse interstellar bands (DIBs) at 14430 A and 24502 A are
present.

Based on our BCD results, the presence of a small BD
(D = 0.02), and the location of the star inside the B[e] super-
giant region in the NIR colour—colour diagram, we suggest that
Hen3-1398 is a massive BO-B11Ia supergiant. The obtained
T = 25000 K and E(B — V) = 0.77 mag correspond to extrap-
olated values from the BCD calibration curves; they agree
with those calculated by Carmona et al. (2010, 25400 K and
0.74 mag). However, the spectral type of this star could be
slightly earlier, namely O9 I, considering the presence of the
very strong emission in the He 1T 14686 line and uncertainties
arising from the extrapolation. This line is a luminosity indi-
cator in O-type stars (Conti & Leep 1974; Walborn 1977; Sota
et al. 2014). Venero et al. (2002) showed that He IT line profiles
observed among OB stars can be attributed to different condi-
tions in the stellar wind and their intensities are very sensitive
to the gravity effect. From a theoretical point of view, the He 11
14686 line can be observed in emission also in B supergiant stars
with Teg ~ 25000 K.

The BCD absolute magnitude calibration for hot supergiants
is not completed (for 4, — 3700 < 30 A), and extrapolating
values for smThe BCD absolute magnitude calibration for hot
supergiants is not completed (for 1; — 3700 < 30 A), and
extrapolating values for small A; will introduce large errors. To
estimate a rough distance to Hen 3—1398, we adopted the M,
value from Cox (2000). In this way, taking M, = —6.43 mag,
my = 10.62 mag, and E(B — V) = 0.77 mag, the distance mod-
ulus is 14.53 mag this leads to a distance of 8536 + 236 pc.
Moreover, the presence of a strong DIB 14430 can be consistent
with high interstellar reddening, and therefore with a possible
large distance.

HD 62623 (3 Puppis, HR2996, IRAS 07418-2850). This
star exhibits a spectrum dominated by H lines in absorption and
has an important SBD in absorption (see Fig. 2) that reveals the
presence of a prominent and dense circumstellar gaseous disc.

From the BCD system, we find that HD 62623 is a B91Ib
supergiant star (in accordance with Stephenson & Sanduleak
1971) with a large colour excess E(B — V) = 0.35 + 0.06 mag.
Then, assuming M, = —6.25 mag (value taken from Cox 2000),
for R, = 3.1, we calculate a distance modulus of 9.11 mag. This
value gives a distance of 662 + 54 pc, which is in excellent agree-
ment with the distance obtained by Meilland et al. (2010, d =

650 + 100 pc) and Bailer-Jones et al. (2018, d = 664230 pc) but

disagrees with the Gaia EDR3 estimate (d = 1124f?g§ pc). The

NIR colours of the star support its nature as a B[e] supergiant in
the JHK colour—colour diagram.

HK Ori (MWC 497, IRAS 05286+1207, TYC 709-857-1).
The spectrum shown in Fig. 2 reveals weak lines of Hel and
Mg 11, which are consistent with a B8V spectral type. The H lines
are observed in absorption, but Hy and Hé are weak and might
be partially filled in by emission. The [Fe11] lines are observed
in emission. The G band is also present, supporting the presence
of a cool secondary companion.

From the BCD classification system, we derived a spectral
type BOV and a T.z = 11940 K, which are consistent with
the He1 features identified in the spectrum. These BCD stellar
parameters agree with the spectral type and temperature obtained
by Whittet et al. (1983) and Garrison (1978), respectively.

The NIR JHK colours put the star in the HAeBe region.
Moreover, the locus of the star in the HRD is compatible with a
pre-MS or MS star of 3-3.3 M, at a distance of 630 pc. The loca-
tion on the sHRD supports this result. The distance and stellar
mass are somewhat greater than the values found in the literature
(~460 pc, 1.7-2 M, see Tables A.1 and A.2).

CD-245721 (Hen3-52, ALS612, IRAS07370-2438).
The observed Boller and Chivens spectrum displays He lines
in absorption whose intensities are consistent with an MK spec-
tral type O8. The SBD is in strong emission, suggesting the star
has a dense CE (see Fig. 2).

Using the BCD spectrophotometric system, we derived a
Ter = 36600 K. We also estimated an initial stellar mass of
21 Mg and a distance of 4200 pc. Our spectral classification
(08 IV) agrees with that of Nordstrom (1975), but it does
not match the previous BCD classification by Cidale et al.
(2001), since the latter is based on measurements performed in a
non-flux calibrated spectrum.

We find that this object to be located near the ZAMS (see
Fig. 3). However, it presents NIR colours expected for sgB[e]s,
as shown in Fig. 4. We return to a discussion of its nature in
Sect. 5.

HD 85567 (CPD-601510, Hen3-331, V596 Car). Our
spectrum shows an SBD in emission, revealing the presence of
a dense CE. The star presents broad H absorption lines with a
narrow central emission. The He1 lines are also in absorption,
while the lines of Fe 1T and Ca I are in emission.

The BCD system yields a B3 III star with a Tz = 20000 K,
a value that is in very good agreement with those derived by
Miroshnichenko et al. (2001) and Manoj et al. (2006). The star
has NIR JHK colours, as typically expected for HAeBe stars
and sgB[e] stars. This ambiguity is also evident in Fig. 3, where
the object seems to be in the HRD as a MS star, while in the
sHRD, it appears as an evolved star. We obtained a distance to
the star of 913 pc, in excellent agreement with the measurement
obtained from Gaia mission (Bailer-Jones et al. 2018, 2021, d =
100232 pcand d = 1036f}; pc, respectively) and that obtained
by Fairlamb et al. (2015, d = 910 pc).

CPD-592854 (WRAY 15-689, IRAS 10538-5958). The
Boller and Chivens spectrum around the BD exhibits intense
hydrogen, helium, and O1I absorption lines. Apart from the
fact that the Hy line seems to be filled in by emission, we do
not observe any other emission feature in the observed spectral
wavelength range.

Using the BCD system, we derive the stellar parameters
of CPD-592854 for the first time (see Tables 3 and 4). We
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assign the star a B2 II spectral type, close to the classification
by Graham (1970). In addition, the distance determined in this
work (d = 3.505 + 0.768 kpc) agrees very well with that esti-

mated by Bailer-Jones et al. (2018, 2021, d = 3.825%043 kpc and

3.144f8:%8§ kpc, respectively). According to the locus of the star
in the HRD and sHRD, the initial stellar mass might be 9-10 M,
or 20-25 My, respectively. This last value is consistent with the
fact that the star is inside the LBV region in the colour—colour

diagram (see Fig. 4).

MWC877 (HD323154, CD-3811806, Hen3-1393,
IRAS 17197-3901). The blue region of the spectrum shows
many narrow absorption lines of hydrogen and helium, while
the cores of Hy and the FeII forest lines are seen in emission
(see Fig. 2). The height of the Balmer jump is consistent with
a spectral type B3 Ia, which is in excellent agreement with that
reported by Vijapurkar & Drilling (1993). This star presents an
SBD in emission and seems to be located in a region with a
very anomalous interstellar extinction, that is, Ay = 4.96 mag
derived by the BCD. Consequently, the corrected JHK colours
place the star outside (but nearby) the LBV region.

The stellar distance estimated through the BCD method
(1.297 + 0.046 kpc) is in excellent agreement with that
derived from the Gaia parallax (Bailer-Jones et al. 2018, d =

1.270’:8:{‘2‘(7) kpc) but is lower than that reported from Gaia EDR3

(d = 1.501*:0% kpc, Bailer-Jones et al. 2021).

The presence of an SBD and the location of the star in the
NIR colour—colour and HRDs point to a supergiant star with a
disc. We do not exclude the possibility that the star is an LBV

candidate.

HD 323771 (CD-3911602, Hen3-1425, IRAS 17306—
3921). Our spectrum shows strong and broad H lines in absorp-
tion. In addition, these lines exhibit narrow emission components
in their cores that are seen up to the end of the Balmer series. The
star also presents very weak He I lines. The Ca1l, Fe 11, Ti 11, and
[Fe 11] lines are in emission.

The BCD spectral type, BS V:, is in very good agreement
with that reported by Vieira et al. (2003) and Herbst (1975).
Although, the latter proposed that the star is BS or later. We
derived a distance of 1432 + 129 pc, which is greater than but
still in fair agreement with the distance derived from Gaia DR2

and EDR3 (Bailer-Jones et al. 2018, 2021, d = 1072*%) pc and

d= 107438 pc, respectively). Based on the features in the stel-
lar spectrum, the BCD parameters, and the position of the star in
the HR and JHK diagrams, we classify it as a HAeB[e] star of
"'55 M@.

HD 52721 (GU CMa, MWC 164, IRAS 06594-1113). The
optical spectrum exhibits broad lines of H and He 1. The Hp line
presents a weak emission in the core. Very small emission lines
of the Fe1I forest are present. The BCD parameters suggest a
spectral type B2 V: with Ty = 27361 £ 2611 Kand log g = 4.4
at a distance d = 479 +76 pc. This distance was obtained consid-
ering that the star is a visual binary with a magnitude difference
of ~0.7 mag (Aitken & Doolittle 1932). The effective temper-
ature is higher than the values found in the literature, but the
distance agrees with that reported by Fairlamb et al. (2015).

We also find that the star has anomalous JHK colours, which
resemble those typically seen in LBV and Be stars (see Fig. 4).
Its location in the HRD indicates that it is a young stellar object
of 7 M. This value is lower than that obtained by Fairlamb et al.
(2015, 9.5 M), which better agrees with the locus of the star in
the sHRD.
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HD 53367 (V750Mon, MWC 166, IRAS07020-1022).
The spectrum of this star displays HeT and He II lines. All the
lines are in absorption with the exception of the presence of a
weak and narrow emission in the HB core. The SBD is in emis-
sion. The star is associated with a dark nebula but has a surface
gravity more representative of evolved stars.

We derived a BO III spectral type for the star. This very
luminous and massive B[e] star is also located within the star-
forming CMa OB/1 association at a distance of d = 1131 pc. This
value is lower than the measurement provided by Gaia EDR3
d= 1599:9122 pc), which is given with high uncertainty.

5

HD 58647 (BD-132008, IRAS07236-1404). The star
shows a spectrum with the Balmer lines and the Mg 11 14481 line
in absorption. The star has a spectral type B9 IV and presents an
SBD in absorption. This SBD could be related to the presence of
the detected magnetosphere (Jarvinen et al. 2019).

The BCD spectral type agrees well with that given by
Jaschek et al. (1980). The distance obtained (295 + 7.7 pc) is
also in close alignment with the value reported by van den
Ancker et al. (1998) and that given by Gaia EDR3 (280*%) pc
and 302 + 2 pc, respectively).

The star is located within the ZAMS and has JHK colours
consistent with those of Herbig Ae/Be or sgB[e] stars. The
star also presents polycyclic aromatic hydrocarbon (PAH) bands
(Acke et al. 2010).

LHA120-S65 (AL18, 2MASS J04470544—-6816167).
The spectrum of this star is shown for the first time. In the
observed spectral region, it displays the Hel lines and the
highest members of the Balmer series in absorption. A few
Felrl lines of permitted transitions are seen in emission (see
Fig. 2). The Balmer jump corresponds to a B2 Ib star, showing
an SBD in emission. The derived BCD stellar parameters are
Ter = 22000 K and log g = 2.6. Based on the locus of the star
in the HRD and the JHK diagram, it could be an LBV in a
quiescence phase.

The distance modulus derived here is a close match to the
weighted mean distance modulus of the LMC, which is 18.477 +
0.004 mag (d = 49.6 kpc; Pietrzynski et al. 2019). We note that
the value reported in Gaia DR3 disagrees completely with that
expected for the LMC.

5. Discussion

We studied low-resolution flux-calibrated spectra for a sample of
14 stars in transition phases showing the B[e] phenomenon and
LBVs. These stars are usually deeply embedded in their circum-
stellar environments, rendering it difficult to derive proper stellar
parameters and disentangle their evolutionary stage.

In this work, we used the BCD spectrophotometric classifica-
tion system, which is independent of interstellar extinction and
circumstellar contributions, and derived the stellar parameters.
In addition, based on the loci of stars in the HRD, sHRD, and
the JHK colour—colour diagram, we discuss their evolutionary
stages.

5.1. Fundamental parameters

In general, the BCD system has proven to be a reliable tool for
deriving the stellar parameters and physical properties of nor-
mal B-type stars and those with emission lines, such as Be, B[e],
and LBV stars (Cidale et al. 2001; Zorec et al. 2005; Aidelman
et al. 2018, among others). However, for stars showing the B[e]
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phenomenon, we cannot be completely sure that the BD corre-
sponds only to some photospheric-like regions of the central star.
In the same way, the spectroscopic lines of these complicated
objects originate from both the stellar photosphere and circum-
stellar regions. Therefore, both techniques might not accurately
reflect the intrinsic properties of the central object. Neverthe-
less, the BD is often less contaminated by circumstellar features
than the optical part of the spectrum. The derived fundamental
parameters may therefore better characterise the properties of the
deep photospheric layers.

In the cases of interacting binary systems, the determina-
tion of the intrinsic properties of the stars is more complex.
For example, a change of the spectral type from the blue to the
red part of the spectrum might occur, as was reported by Strom
(1983) in HK Ori. This could also be the case for HD 62623.
For this star, the BCD spectral type and effective temperature
(B91Iband 11136 +318 K) are higher than the value obtained by
Miroshnichenko et al. (2020, A3 I, T.g = 8500 K) who also
derived the binary orbital parameters. The discrepancy might
come from measurements made in different spectral ranges,
epochs, and orbital phases. For instance, in the blue part of the
spectrum (Fig. 1), the intensity of the Call K line relative to
the hydrogen lines (in particular to He) is consistent with a B9 [
spectral type (Gray & Corbally 2009). In addition, our spectrum
exhibits weak lines of He I at 2 4026, 4143, and 4471 A. However,
the optical lines in the spectral range 4400-4600 A are remi-
niscent of an A3 I star (Miroshnichenko et al. 2020). To help
us in our discussion of the discrepancy found, we also analysed
our spectrum with the University of Lyon Spectroscopic analy-
sis Software? (ULySS, Koleva et al. 2009), and obtained Teg =
10392 + 179 K and log g = 1.89 + 0.05. These new values are
also consistent with a spectral type B9 I (Cox 2000). We believe
that the spectral type of the star depends on the spectral region
analysed and that its spectrum also varies with the orbital phase.

Something similar could be occurring in the binary
HD 85567, where the intensity of the BD leads to a Ty =
20000 = 1639 K, while Khokhlov et al. (2017) obtained
~15000 + 500 K from the optical range. However, in both works,
the derived luminosity for the star is the same.

Both HD 62623 and HD 85567 are good candidates for a
more detailed study of their spectral variability as a function of
orbital phase using the BCD classification system. This would
allow us to discuss the influence of binarity in the determina-
tion of the fundamental parameters with the BCD method or the
possible constraints on its use.

5.2. Evolutionary stage

(a) Pre-main sequence and main sequence stars:
In a recent work, Aidelman & Cidale (2023) confirmed three
groups of HAeBe stars that present different amounts of NIR
radiation excess using different reddening-free Q parameters. A
group of HAeBes with small IR excess (Group I) share proper-
ties with LBVs and some classical Be (CBe) stars. These stars
are located in the region bounded by —0.2 < (H — Ks) < 0.2 and
-0.2 < (J = H) < 0.2 (Chen et al. 2016) and host huge amounts
of cool dust at large distances from the star (Oksala et al. 2013).
A second group with moderate IR excess (Group II) is located in
the region shown in Fig. 4 as HAeBe. Their excesses of IR radia-
tion probably indicate the influence of a bright nebula associated
with low temperatures or thermal emission from the surrounding
dust (Hillenbrand et al. 1992). Group III, with a large IR excess

4 http://ulyss.univ-1lyonl.fr/

Table 5. Evolutionary stage determined in this work for the stars in our
sample.

ID STgcp Object type

Hen 3—-847 B6IV  Young Ble]/ FS CMa©®
AS202 AlV: FS CMa

Hen 3-1398 Blla sgBle]

HD 62623 B9 Ib sgBle]

HK Ori BoV Group I HAeB|e]
CD-245721 08IV  Young B[e]/FS CMa©@
HD 85567 B3 111 FS CMa
CPD-592854 B21I LBV®©

MWC 877 B31Ia LBV ©

HD 323771 B5V: Group Il HAeB[e]
HD 52721 B2 V: Group I HAeBJe]
HD 53367 BOIII  Young Ble] /FS CMa©
HD 58647 B9 IV Slightly evolved Ble]
LHA 120-S65 B21Ib LBV®

Notes. ©Star classified as a candidate to FS CMa or LBV type.

and hot dust (Oksala et al. 2013), shows similar properties to
some sgB[e]s stars.

From the present study, we find nine stars located on the
ZAMS or MS in the HRD region: Hen 3—847, HK Ori, AS 202,
CD-24 5721, HD 52721, HD 53367, HD 58647, HD 85567, and
HD 323771. Some of these stars are associated with star-forming
regions.

Considering the locations of HK Ori and HD 323771 in the
HRD and NIR colour—colour diagram, they are HAeBe stars
with moderate IR excess. This classification agrees with previ-
ous ones found in the literature (see Appendix A). In Table 5,
we defined them as Group Il HAeB[e] objects according to their
NIR colours.

HD 52721 and HD 53367 have NIR colours typically seen
among LBVs or CBe stars, as shown in Fig. 4. Both locations
also coincide with the region delimited for the Group I HAeBe
stars with less or no IR excess. As the HAeBes have masses of
between ~2 My and ~15 My (Herbig 1960; Hillenbrand et al.
1992; Vioque et al. 2022), only HD 52721 fulfills the HAeBe
classification criterion. Instead, HD 53367, which also belongs
to a multiple system (Corporon & Lagrange 1999; Pogodin et al.
2006), has a mass of slightly higher than 15 M, (Figs. 3 and
5), and the BCD classification system suggests it is a BO III-type
star. Therefore, we conclude it is a young massive B[e] star, likely
of the FS CMa-type.

Regarding HD 58647 and HD 85567, both are located on the
MS, as shown in Fig. 3, but they are not immersed in star-forming
regions. On the other hand, their NIR colours locate them in
the area shared by HAeBe and sgB[e] objects, suggesting pro-
cessed circumstellar dust. It is also essential to address that the
derived BCD distances are in very good agreement with the Gaia
EDR3 ones, indicating that the spectral type and luminosity class
derived in this work are plausible.

The last two stars, AS 202 and CD-24 5721, are reported as
binaries or multiple systems (see Appendix A) and neither is
associated with a star-forming region. Both stars, like HD 85567,
are MS objects showing strong IR emission due to the presence
of processed dust, as they share photometric properties with the
sgB[e]. The dust emission could originate from mass-exchange
binary interactions, as typically seen in the FS CMa objects. Fur-
thermore, considering the location of CD—-24 5721 in the HRD,
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—— Birthline 4 Hen3-847
ZAMS 4 HKOri

% HD 323771
4 HD52721

4 HD53367

4.8 46 44 42 4.0 3.8 36
log Tesr

Fig. 5. Location of the young stellar objects in the HRD. Pre-MS evo-
Iutionary tracks are from Haemmerlé et al. (2019). The ZAMS (dotted
line) and birth line (solid line) are also plotted. Numbers refer to the
stellar masses (in solar masses) when reaching the ZAMS.

which is near the ZAMS, it is a massive star that might undergo
rejuvenation.
b) Evolved stars:

According to the BCD classification, we find five stars
(Hen3-1398, HD 62623, CPD-592854, MWCZ&877, and
LHA 120-S 65) that evolved from the MS and are located in
the supergiant region (see Fig. 3). Two of them, HD 62623 and
Hen 3-1398, also lie in the sgB[e] region in the colour—colour
diagram, and therefore we accept them as sgB[e]. The other
three stars (CPD-592854, LHA 120-S 65, and MWC 877)
were classified as LBV candidates according to the BCD
spectral types and NIR colours. Finally, Table 5 summarises the
proposed evolutionary classification scheme for our studied star
sample. The young stellar objects are plotted in Fig. 5, where the
pre-MS evolutionary tracks are from Haemmerlé¢ et al. (2019).

5.3. HRD versus sHRD

The initial masses derived from the HRD and the pre-MS evo-
lutionary tracks are very similar. In addition, when comparing
the locations of our stars in the HRD and sHRD, we find that
stars with initial masses lower than around 10 M, lead to simi-
lar masses in both diagrams (at least the observed discrepancy is
of the order of 1 My). However, the mass discrepancy becomes
significant for stars with masses above 10 M.

A plausible explanation for this discrepancy might be
attributed to binarity. This could be the case for HD 53367, which
is reported as a multiple system (see Fig. 3). Supporting this idea,
Burkholder et al. (1997) found good agreement between evolu-
tionary and dynamical masses up to 25 M. These authors also
concluded that in semidetached or contact binary systems, the
derived mass for each component is significantly lower than that
expected from single-star evolutionary models, suggesting that
the mass lost from each star is generally not accreted onto the
companion. However, the same authors pointed out that for larger
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masses, both the HRD and sHRD would have limited applica-
bility — because of the lack of precise distance and inclination
determinations, or because the systems fill (or overfill) their
Roche lobes — and would be valid only for the study of single
stars. Therefore, overall, for low- and intermediate-mass stars,
one can use the spectroscopically determined effective temper-
ature and gravity to obtain the stellar mass-to-luminosity ratio,
with both HRD and sHRD being adequate (Langer & Kudritzki
2014).

For the case of our LBV candidates and sgB[e] stars, the
HRD indicates a mass clearly below the value given in the sHRD.
According to Langer & Kudritzki (2014), both diagrams can
be used together to identify overluminous stars. These authors
explained that the discrepancy could be due to an additional
mass-loss process not accounted for in the single-star evolution-
ary tracks or an unusual mixing process inside the star. Castro
et al. (2018) also observed mass discrepancies in their analysis
of massive stars in the Small Magellanic Cloud. These authors
found that the stellar masses derived from the sHRD for Be
and most luminous stars are systematically higher than those
obtained from the conventional HRD. These authors suggested
that the well-known spectroscopic mass-discrepancy problem
may be linked to the fact that both groups of stars have outer
envelopes that are nearly gravitationally unbound. When consid-
ering the previous discussion, the initial masses related to the
position in the sHRD of our LBV candidates (CPD-59 2854,
MWC 877 and LHA 120—-S 65) seem to be more adequate com-
pared with the typical values given by Smith (2017).

5.4. The size—luminosity relation

Interferometric studies have revealed that, for most HAeBe stars,
there is a correlation between the inner size of the dust disc
(rin) and the stellar luminosity (cf. Marcos-Arenal et al. 2021).
There are two main models that propose a linear relationship
between log ri, and log (L/Ly). The magnetospheric accretion
scenario (optically thin-MA model, Uchida & Shibata 1985;
Shu et al. 1994) suggests that the stellar magnetic field con-
nects the optically thin gas discs with the central star. In this
model, gaseous discs are inner to dust discs. In this scenario,

the correlation (ry, o LL/ %) was probed through the spatially
resolved NIR continuum emission (Monnier et al. 2005; Ababakr
et al. 2016). Although the found correlation shows significant
scatter, the characteristic size of a given source seems to be
directly related to the radius of dust sublimation of relatively
large grains (~1 pum), with sublimation temperatures in the range
of 1000-2000 K.

The second model consists of an optically thick gas disc that
partially shields the stellar radiation, allowing the dust to survive
closer to the star, and therefore decreasing the value of ry,. This
gaseous disc could reach the stellar surface and directly accrete
through a hot, dense boundary layer. This is called the ‘optically
thick-BL model’ (Hillenbrand et al. 1992).

In this subsection, we estimate and discuss the dust disc
inner sizes (ri,) of our star sample classified as HAeB[e], young
massive stars, and MS stars (Table 5) from the BCD stellar lumi-
nosity. Table 6 lists the 7y, values for the upper and lower limits
using thin MA and thick BL models (see Fig. 3 and formulae in
Marcos-Arenal et al. 2021). Mean values are given in brackets.

Mainly, HD 85567 was observed with AMBER/VLTI by
Vural et al. (2014). These authors modelled the observations with
geometric ring models with inner radii approximately three to
five times smaller than that predicted from an optically thin disc
model. They note that their result further supports the existence



Aidelman, Y. J, et al.: A&A, 678, A21 (2023)

Table 6. Estimations of inner radii of dust discs for MS and HAeB|[e] stars using the optically thin MA and optically thick BL. models.

ID log(L/Lo)

Tin
Thin-MA
(AU)

Tin
Thick-BL
(AU)

0.43-5.48 (2.95)
0.47-5.94(3.20)
0.18-2.31(1.25)
0.15-1.88(1.01)
0.25-3.12 (1.68)

4.33-54.78 (29.55)

1.00-12.70 (6.85)
0.53-6.74 (3.64)
0.77-9.74(5.26)

0.26-0.67 (0.46)
0.28-0.71 (0.50)
0.13-0.32(0.22)
0.11-0.27 (0.19)
0.16-0.41 (0.29)
1.86-4.70 (3.28)
0.54-1.36 (0.95)
0.31-0.79 (0.55)
0.43-1.08 (0.76)

Hen 3-847MNA 2,69 +0.13
Hen 3-847 2.76 +0.11
AS 202N 1.94 +£0.11
AS202 1.76 £ 0.11
HK Ori 2.20 +0.06
CD-24 5721 4.69 +0.16
HD 85567 342 +0.17
HD 323771 2.87+0.14
HD 52721 3.19+£0.44
HD 53367 4.60 + 0.23
HD 58647 2.39 +0.08

3.90-49.36 (26.64)
0.31-3.88 (2.09)

1.71-4.30 (3.00)
0.20-0.50 (0.35)

Notes. The values correspond to lower and upper limits for each model. The mean values of each interval are in brackets.

of an optically thick gaseous inner disc shielding the stellar radi-
ation. Therefore, using the size-luminosity correlation for the
optically thick BL model, we estimate a mean rj, ~ 0.95 AU
which fits within the interval 0.8-1.6 AU obtained with the
AMBER instrument.

HD 58647 is another object with continuum K-band interfer-
ometry listed in the work of Marcos-Arenal et al. (2021). The
BCD luminosity for this star (log(L/Ly) = 2.39) predicts a mean
value of log rj, = —0.3 for the optically thick BL model, which
is a relatively close match to the small measured log r;;, = —0.29
reported in this latter work.

HD 52721 is one of the nearest objects of our sample.
According to the size-luminosity relation, the expected mean
inner radius of its dust discis r;, ~ 0.76 AU or r;;, ~ 5.26 AU for
optically thick BL and optically thin MA models, respectively.
Together with HD 323771 (ry, ~ 0.55 AU for a thick-BL model),
both stars are good candidates to study their circumstellar discs
with optical interferometry.

Finally, it is interesting to note that if we assume that the
size-luminosity relation for HAeBe stars also holds for sgB[e]s,
we obtained for HD 62623 a r;, between 1.6 AU (lower limit)
and 4.2 AU (upper limit) for the optically thick-BL model.
This upper limit estimate is compatible with the gaseous disc
radius (4.7-5 AU) derived by Maravelias et al. (2018) by fitting
forbidden optical emission lines and NIR CO emission bands
using a Keplerian rotating disc model (Kraus et al. 2007, 2000).
These ry, values are also comparable with that estimated by Stee
et al. (2004, rj, = 15-20 R,). Thus, the size-luminosity relation
should be explored in the context of evolved B[e] stars with inter-
ferometric measurements, for which the dusty discs are formed
most likely from equatorially outflowing dense wind material
(e.g. Borges Fernandes et al. 2007).

6. Conclusions

The BCD system has proven to be an easy-to-use tool to derive
the parameters and physical properties of stars displaying the
B[e] phenomenon and LBVs. We supplemented this information
with the NIR colour—colour diagram, which is especially useful
for revealing the nature of stars in transition phases. We derived
the spectral types and luminosity classes of all of the 14 stars in
our sample.

Among these objects, we confirmed the classification of
HK Ori, HD 323771, and HD 52721 as pre-MS HAeB|[e] stars
(the first two show moderate NIR radiation excess while the lat-
ter shows only a very small amount), AS 202 and HD 85567
as FS CMa-type stars, and HD 62623 as sgB[e]. We classified
Hen 3-847, CD-24 5721, and HD 53367 as young Ble] stars or
FS CMa-type candidates, and HD 58647 as a slightly evolved
Ble] star. In addition, Hen 3—1398 is an sgB[e] and MWC 877,
CPD-59 2854, and LHA 120-S 65 are LBV candidates. The stel-
lar parameters we obtained for these two latter LBVs are new and
without precedent.

In addition, using the size-luminosity relation, we esti-
mated the inner radii expected for the dust discs around the
young objects and provide suitable candidates for spectro-
interferometric observations.
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Appendix A: Brief summary of each star in the
sample

Below we provide a brief summary of the descriptions that
we find in the literature for the objects of our sample. Previ-
ous reported stellar parameters are summarised in Tables A.l
and A.2.

Hen 3—-847: This star was included in the list of southern
emission-line stars of Wray (1966) and Henize (1976). It was
considered as pre-MS HAeBe star by Thé et al. (1994); de
Winter et al. (2001); Valenti et al. (2003), and more recently
by Verhoeff et al. (2012) and Fairlamb et al. (2015). Based
on IRAS and IUE data respectively, Parthasarathy (1993) and
Gauba & Parthasarathy (2003) considered Hen3—-847 to be a
post-AGB candidate, although the latter authors did not rule out
the possibility that the star is a massive young OB supergiant.
The spectral data and the spectral energy distribution (SED)
of Hen 3—847 indicate that it has a high effective temperature
and presents both warm and cold circumstellar dust (Gauba &
Parthasarathy 2003, 2004). Lagadec et al. (2011) recognised this
star as a proto-planetary nebula and showed that its circumstellar
medium cannot be resolved by VLT/VISIR images. The star was
classified as an unclB[e] star by Lamers et al. (1998).

The stellar mass and radius were determined by Verhoeff
etal. (2012,6.2+ 1.2 Mg, 5.9 +£0.6 Ry) and Fairlamb et al. (2015,
4.7 Mg, 4.5 Rp) who, in addition, estimated an age for the star
of 0.59 Myr. In more recent work, Arun et al. (2019) derived a
stellar mass of 2.93 M, and an age of 2.28 Myr making use of
the Gaia parallax.

AS202: This object was cited as having bright Ho emission
(Merrill & Burwell 1950) and was classified as an early-type
emission line star with a large far-infrared (FIR) excess (Thé
et al. 1994). de Winter et al. (2001) listed it as a possible HAeBe
star. The star exhibits optical photometric variability (Strohmeier
et al. 1968) and is reported as an eclipsing binary of spectral
type BOIII-IV with a period of 1.0526 days (Eggen 1978; Malkov
et al. 2006), but Tisserand et al. (2013) assigned this star a spec-
tral type of A3IIl. Miroshnichenko et al. (2007) proposed that
AS 202 displays the B[e] phenomenon (based on the presence of
[O1] emission lines) and classified it as a FS CMa binary sys-
tem with components of spectral type A+K. Recently, Condori
etal. (2019) not only derived the stellar parameters but also found
indications for a binary system — with a low-mass star and a cool
companion — associated with a circumbinary disc or ring.

Hen 3-1398: This star is listed in the catalogues of Merrill
& Burwell (1949) and Henize (1976). It was classified as a
nova (Henize & Haro 1961) when the star reached its maxi-
mum brightness in 1949. Observations made by Guglielmo et al.
(1993) show the presence of a large NIR excess due to warm dust,
which contains a weak silicate 10 wm emission feature (Volk
et al. 1991). Thé et al. (1994) classified the object as a B[e] star
and Miroshnichenko et al. (2001) suggested the classification of
a hot and luminous MS O9/B0 star with warm dust.

Based on new high-resolution spectra, Carmona et al.
(2010) provided new estimations for the stellar parameters (see
Tables A.1 and A.2) and suggested that it would be an isolated
pre-MS HAeBe star. These authors also reported Balmer emis-
sion lines (Ha, HB, and Ho) and double-peaked broad He I and
He 11 emission lines. Narrow forbidden emission lines of [O1],
[Om1], [N11], and [S1I] dominate the optical spectrum. The
star has a low projected rotational velocity (vsini = 50 kms™,

A21, page 16 of 22

Miroshnichenko et al. 2001), a mass of 20 + 4 M, and a radius
of 8.9 + 0.8 Ry (Verhoeff et al. 2012).

HD 62623: This object was classified in the Yale Bright
Stars Catalogue (Hoffleit & Jaschek 1982) as an A2Iabe star.
A detailed optical analysis of its spectrum was carried out
by Chentsov et al. (2010), who derived a spectral type of
A2.7+0.3 Ib, making it the only sgA[e] in our Galaxy (Meil-
land et al. 2010). Its binary nature was reported for the first
time by Johnson & Neubauer (1946) and confirmed later by sev-
eral authors (Iriarte 1965; Levato 1972; Hinkle 1987; Rovero &
Ringuelet 1994; Plets et al. 1995; Miroshnichenko 2007; Mil-
lour et al. 2011). According to Miroshnichenko et al. (2020), this
binary system evolved from a 6.0 + 3.6 M, pair with an initial
orbital period of ~5 days, experienced an almost conservative
mass transfer, and is currently observed as a 0.8 + 8.8 M, object
with the B[e] phenomenon. The current derived orbital period is
137.4 £ 0.1 days.

Interferometric observations of HD 62623 revealed a gaseous
and dusty circumstellar environment (Bittar et al. 2001; Stee
et al. 2004). The dusty and gaseous emission components
were disentangled by modelling VLTI/MIDI and VLTI/AMBER
observations assuming Keplerian rotation (Millour et al. 2011).

Based on the analysis of the observed double-peaked emis-
sions in [O 1], [Ca11], and Ha lines, Aret et al. (2016) found that
the high-density gaseous disc is detached from the star. This
gaseous structure is surrounded by a CO and SiO molecular
emitting disc, also in Keplerian rotation, located in turn inside
the dusty extended disc (Maravelias et al. 2018).

Ranges for the stellar mass (9 — 19 Mg) and radius (55 —
82 Ry) were derived by Rovero & Ringuelet (1994); Snow et al.
(1994); Hohle et al. (2010); Meilland et al. (2010); Tetzlaff et al.
(2011). The projected rotational velocity is around 70 — 80 km s~
(Levato 1972; Sreedhar Rao & Abhyankar 1991; Snow et al.
1994). Tetzlaff et al. (2011) calculated an age of 8.3 + 0.1 Myr
for this star.

HK Ori: This object is associated with a nebulosity (Bidelman
1954) and has been classified as a pre-MS HAeBe star (Herbig
1960) or a HAeB|e] star (Lamers et al. 1998). Strom (1983) found
a variation of the spectral type from the blue to the red part
of the spectrum and suggested a combined spectrum of A+F
stars. Later, HK Ori was resolved as a binary system with NIR
speckle interferometry by Leinert et al. (1997), who reported the
presence of a second component of T Tauri type. Furthermore,
according to Baines et al. (2004), the spectral, photometric and
polarimetric properties as well as the variability observed in the
system indicate that the active object is a G-type T Tauri star
with UX Ori characteristics.

Hillenbrand et al. (1992) and Fairlamb et al. (2015) calculated
stellar masses of 2 My, and 1.7 Mg, for HK Ori, respectively. The
former also derived a radius of 1.7 Ry. Smith et al. (2005) sug-
gested that the primary component (A) has a CE and derived the
following parameters for the system: Ry = 1.55 Rg, Mp = 2 Mg,
Ter, = 8500 K, and Rg = 4.1 Ry, Mg = 1 Mg, Te, = 4000 K.
For the CE surrounding the primary component, these authors
calculated a disc inner radius of 31 Ry and an outer radius of
30 AU. The age of this star was determined by Testi et al. (1998,
7.5 Myr) and Fairlamb et al. (2015, 8.73 Myr).

CD-245721: Merrill & Burwell (1950) were the first to report
an He line in emission for this object. The star presents a large IR
excess (Allen 1974), H lines with P Cygni profiles, and forbidden
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emission lines (Allen 1976). It was classified as an unclB[e] star
by Lamers et al. (1998).

Miroshnichenko et al. (2003) suggested that it is a binary
system that belongs to a group of Be stars with warm dust (nowa-
days called FS CMa stars, Miroshnichenko 2007). These authors
derived a distance to the star of 3.5 kpc and estimated that it
rotates at a projected rotation velocity of 200 kms™!. Lee et al.
(2016) also suggested that it is an evolved star that belongs to the
FS CMa group.

HD 85567: This star has been widely studied, but its evolution-
ary state is still debated. Some authors suggested that the star is
a pre-MS HAeBe (Oudmaijer et al. 1992; Thé et al. 1994) while
others considered it as a B[e] interacting binary (Miroshnichenko
et al. 2001).

Tables A.1 and A.2 show the stellar parameters found in the
literature. The spectral classification ranges from B2 to B9 and
the star has a low rotational speed, v sin i = 31 — 50 km s7!
(Khokhlov et al. 2017; Corporon & Lagrange 1999; Mirosh-
nichenko et al. 2001). The stellar mass determinations are: larger
than 6 Mg (Manoj et al. 20006), 12 + 2 M, (Verhoeff et al. 2012,

and a stellar radius of 9 + 2 Ry), and 6*3]. M (Fairlamb et al.

2015, and a stellar radius of 7.2’:{:; Ry). In addition, there are two

age determinations, 7 < 0.01 Myr and ¢ = 0.27*08 Myr (Manoj
et al. 2006; Fairlamb et al. 2015, respectively).

Malfait et al. (1998) proposed that the star has a double dust
disc, and Wheelwright et al. (2013) concluded that it is a young
stellar object (YSO) with an optically thick gaseous disc within
a larger dust disc that is being photo-evaporated from the outer
edge. The inner ring-fit radius has 0.8 — 1.6 AU (Vural et al.
2014). Additional temperature-gradient modelling resulted in an

extended disc with an inner radius of 0.67*03} AU, a high inner

temperature of 2200*73) K, and a disc inclination of 53°*}7. In
contrast, the SED analysis performed by Lee et al. (2016) reveals
an inner envelope with a size smaller than 1 AU, at a tempera-
ture of 1600 K, and an outer envelope edge of 15 AU at 300 K.
Khokhlov et al. (2017) argued that the circumstellar gas and dust
were more likely produced during the evolution of the object as a
binary system (containing an undetected secondary component)
than as the product of a merger.

CPD-592854: This star is located at the southern tip of the
G289.0-0.3 cloud complex, a prominent peripheral cloud in the
field of view of the Carina Nebula region. Herschel maps reveal
CPD-592854 as a bright compact FIR source surrounded by
dust, with temperatures of about 18 K and 25 K (Roccatagliata
et al. 2013).

The star was included in many catalogues of emission-line
stars (Wray 1966; Stephenson & Sanduleak 1971; Jaschek &
Egret 1982) and stars with a strong IR excess (Dong & Hu 1991).
Graham (1970) classified it with a spectral type of B3IIle, and
derived a My = —2.9 mag and d = 2.2 kpc, while Bailer-Jones
et al. (2018) placed it at 3.825%)059 kpc. Vijapurkar & Drilling
(1993) classified this star as a B3lab star, Thé et al. (1994)
considered it to be part of the group of extreme emission-line
objects, and de Winter et al. (2001) listed it as a B[e] star.

MWC 877: The star is listed in many catalogues and surveys of
emission-line stars (e.g., Merrill & Burwell 1949; Wray 1966;
Henize 1976; Drilling & Perry 1981; Jaschek & Egret 1982;
Kozok 1985; Vijapurkar & Drilling 1993; Thé et al. 1994; Dong
& Hu 1991, among others). According to the intensity of the opti-
cal absorption lines of HeT and singly ionised atoms, Carmona

et al. (2010) classified this star with the spectral type B4 Ile.
Stellar parameters found in the literature are given in Table A.2.

HD 323 771: This star was classified as a Bep shell star by Herbst
(1975). It is associated with a moderated surface brightening
nebula of type II (van den Bergh & Herbst 1975). From the
optical photometry, Kozok (1985) derived an interstellar colour
excess of E(B — V) = 0.4 and a distance d = 2 kpc, which is
twice the value obtained by Bailer-Jones et al. (2018).

Merrill & Burwell (1950) were the first to observe a bright
Ha line of moderate intensity. The spectrum shows H lines with
P Cygni profiles and Fe 1l emission lines (Herbst 1975). Persi
et al. (1991) reported the presence of a stellar wind with a veloc-
ity of 250 — 350 km s~! and an upper limit for the mass-loss rate
of 2x 10719 My, yr~!. These authors also estimated a temperature
of 1500 K for the extended dust CE.

Both Persi et al. (1991) and Gregorio-Hetem et al. (1992)
identified HD 323771 as a pre-MS Herbig Ae star while Dufton
et al. (2001) proposed that the red spectrum has characteristics
reminiscent of planetary nebulae.

HD 52721: This star is one of the brightest and most massive
objects in the CMa R1 association. According to Johnson (1955),
this is the central star of the faint nebula S 169. van den Bergh
(1966) noted reflection nebulosity and emission from a faint cir-
cular disc. Finkenzeller & Mundt (1984) noted that the reflection
nebula is located in a region of general obscuration as required
for Herbig Be stars. However, HD 52721 has IR colours and a
(weak) IR-excess as a CBe, which makes its membership in the
Herbig Be stars doubtful.

The star is known as a visual binary (ADS 5713, Aitken &
Doolittle 1932) with a separation of 1”6 and a magnitude differ-
ence of ~0.7 mag. It is also an eclipsing system with an orbital
period of 1.61 days (Pogodin et al. 2011). Shokry et al. (2018)
concluded that the system is a semidetached one, with a sec-
ondary evolved from the MS. More recently, Obolentseva et al.
(2021) identified the star as a quadruple system using speckle
interferometry.

HD 52721 has been classified as an emission-line star of
spectral type B2Vne (Guetter 1968; Whittet & van Breda 1980),
B3e (Merrill & Burwell 1933), B1 Vne (Herbst et al. 1982),
and as an early-type star with a circumstellar shell (Skiff 2014).
The spectrum shows broad hydrogen absorption lines but those
of Hel are fairly narrow and variable in strength (Copeland &
Heard 1963). The Hp line is extremely broad with a variable
emission at its centre (Claria 1974; Herbst et al. 1978).

Recently, Zasche et al. (2020) roughly estimated the angular
distance of the predicted third component (~40 mas) and found
that the eclipse timing variation (ETV) modulation has a period
of about 19.7 years.

HD 53367: This star is situated at the border of the constellation
of Monoceros and is immersed in the Seagull Nebulae IC 2177.
It has IR excess indicative of a circumstellar shell (Herbst et al.
1978) and shows signs of cool dust in the form of a FIR excess
(Tjin A Djie et al. 2001). The circumstellar material produces a
reddening E(B — V) ~ 0.55 along the line of sight but without
any contribution to the diffuse band strengths.

HD 53367 was included in the young HAeBe star list as
a BOIV:e by Herbig (1960). It displays emission lines in the
visual spectrum, including He as the brightest one (Pogodin
et al. 2006) and shows long-term cyclic photometric variability
(P ~ 9 years). In addition, the star is part of a triple star system,
showing significant radial velocity variations with a P ~ 166
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days and an orbital eccentricity e ~ 0.18 (Corporon & Lagrange
1999) or P ~ 183 days and e ~ 0.28 (Pogodin et al. 2006).
The system consists of a massive (~20 M) primary BOe star
in the MS (if not later) stage and a pre-MS secondary object of
M ~ 4 -5 Mg with a mean distance of about 1.7 AU between
them.

HD 58647: The star was reported as an early emission line star
by MacConnell (1981) and then classified as a B9 IV (Houk &
Smith-Moore 1988) Herbig star with a large IR excess (Oudmai-
jer et al. 1992). Guzméan-Diaz et al. (2021) and Marcos-Arenal
et al. (2021) derived the stellar parameters (see Table A.1) and
an interferometric size for this object, respectively. A longitudi-
nal magnetic field of 209 G was also detected (Jirvinen et al.
2019). The interferometric data and the observed Bry profile can
be well reproduced with a disc wind model with its inner radius
located just outside of a small magnetosphere (Kurosawa et al.
2016).

LHA 120-S 65: This star has barely been studied. It was

included in the list of He emission stars in the LMC by Henize
(1956) and Andrews & Lindsay (1964).
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Table A.1. Stellar parameters for our sample of stars taken from the literature.
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1D ST Teﬂr IOg g Mbol ]WV
[K] [mag] [mag]
Hen3-847  BS5e (39, 48) e e e
B6/AO:[e] (41) e
B6:111[e] (43) 14125 (43) e
15100 + 1100 (61) 3.84 (61)
e 14000 (63) 3.80 (63)
B6(64)
AS202 BOIII-IV (20) ~0.75 (20)
A+K(54)
A0-2 (67) 9500 + 500 (67) 2.73 £ 0.13 (67)
Hen3-1398 OB+CE (12) - -
Oe (39) e Ce
09/B0 (45) 30000 (45) 4.0 (45)
B1Ve (57) 25400 (57) e
HD 62623 A2p (1) e
cA2ep (3)
A3IIIp (4)
A2Iab (3, 10, 13)
A3llep (6, 25)
B8lab: (12)
A2]b(]9’3])
A2labe (24, 30, 35, 37) 9080 (37,59) -6.8 (37) -6.5(37)
A3Hpe (28) e Ce e
A2](32)
A3TIab (36) 8500 (36) 2.0 (36) -5.3 (36)
o 9000 (40) 1.35 (40) e
A2.71b (58) e e -5.5+0.3(58)
e 8250 + 250 (60) 2.0+ 0.5 (60) o
HK Ori Aep (3) - -
A4ep (4) e Ce
B7-8/A4 (21) 12500 (21) 3.30 (21)
BS[C] (26)
A4 (27) e
A5 (33) 8318 (33)
A9V (38) x
e 8511 (42)
A+G (50) e
8500 + 4000 (52)
8500 (63) 422 (63)
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Table A.1. Continued from the previous page.

1D ST Teff 10g g Mbol M.

[K] [mag] [mag]

CD-245721 B1.5V: (44) 25800 + 1200 (44) 4.4 (44) -5.28 £0.32 (44) Iy

Oe (16)
HD 85567 B5Vne (15)

B8 (17)

B8V:ne (18) e

B7/8Ve (43) 12590 (43) e

B2V (45) 19000 (45) 3.5 (45)

B9 (48) - .

B8Vne (51) p

‘e 21880 (53)

12450 (56) e
13000 + 500 (63) 3.5+0.3(63)

‘e 15000 + 500 (65) ~4.0 (65) ‘e
CPD-592854  B3llle (11) ‘e e -2.9 (11)

B3Iab (34) ‘e

B2/B3Ve (39)
MWC 877 Ble (29) ‘e e “e —6.45 (29)

B3Iane2+ (34)

B4lle (57) 15000 (57)
HD 323771 Bep (14) I

B8 (17) p

-1.63 (29)

B5Vp (48) 15000 (48) cee ‘e
HD 52721 ‘e 22500 (63) 3.9 (63)

B3e (2) .. .

B2Vne (9)

B1Ve (23)

B2V (22) . .

‘e 25000 (68) 4.0 (68)

B2 (7) ... .
HD 53367 BOIV:e (8) ‘e e

‘e 29500 (63) 4.25(63)

B0.5: (22,7)

‘e 29000 + 2000 (62) 4.0 (62)

BOLV (47) - .
HD 58647 ‘e 10750 + 125 (69)

BIIV (22) ... ..

r 10500 + 200 (66,55) 3.3(55)

A0 IIIn (49) e s

BO9IVep (46)
LHA 120-S 65

Notes. The numbers in brackets give the references related to the reported measurements.

References. (1) Lunt (1919); (2) Merrill & Burwell (1933); (3) Merrill & Burwell (1943); (4) Bidelman (1954); (5) de Vaucouleurs (1957); (6)
Kron (1958); (7) Mendoza V. (1958); (8) Herbig (1960); (9) Guetter (1968); (10) Hiltner et al. (1969); (11) Graham (1970); (12) Stephenson &
Sanduleak (1971); (13) Levato (1972); (14) Herbst (1975); (15) Houk & Cowley (1975); (16) Nordstrém (1975); (17) Henize (1976); (18) Garrison
et al. (1977); (19) Cucchiaro et al. (1978); (20) Eggen (1978); (21) Garrison (1978); (22) Jaschek et al. (1980); (23) Herbst et al. (1982); (24) Hoffleit
& Jaschek (1982); (25) Fernie (1983); (26) Whittet et al. (1983); (27) Finkenzeller & Mundt (1984); (28) Reed & Fitzgerald (1984); (29) Kozok
(1985); (30) Gutierrez-Moreno et al. (1986); (31) Gray & Garrison (1987); (32) Sreedhar Rao & Abhyankar (1991); (33) Hillenbrand et al. (1992);
(34) Vijapurkar & Drilling (1993); (35) Danks & Dennefeld (1994); (36) Rovero & Ringuelet (1994); (37) Snow et al. (1994); (38) Terranegra et al.
(1994); (39) Thé et al. (1994); (40) Plets et al. (1995); (41) Lamers et al. (1998); (42) Testi et al. (1998); (43) van den Ancker et al. (1998); (44)
Cidale et al. (2001); (45) Miroshnichenko et al. (2001); (46) Mora et al. (2001); (47) Tjin A Djie et al. (2001); (48) Vieira et al. (2003); (49) Abt
(2004); (50) Baines et al. (2004); (51) Zhang et al. (2004); (52) Smith et al. (2005); (53) Manoj et al. (2006); (54) Miroshnichenko et al. (2007); (55)
Montesinos et al. (2009); (56) Acke et al. (2010); (57) Carmona et al. (2010); (58) Chentsov et al. (2010); (59) Hohle et al. (2010); (60) Meilland
et al. (2010); (61) Verhoeff et al. (2012); (62) Alecian et al. (2013); (63) Fairlamb et al. (2015); (64) Ababakr et al. (2016); (65) Khokhlov et al.
(2017); (66) Vioque et al. (2018); (67) Condori et al. (2019); (68) Pogodin et al. (2020); (69) Guzman-Diaz et al. (2021).
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Table A.2. Stellar parameters for our sample of stars taken from the literature.

ID

log L,
[Lo]

EB-V)

d
[kpc]

Ay
[mag]

Hen 3-847

> 0.72 (15)

3.22 +0.08 (31)
2.85(32)

[mag]
0.18 (20)

0.16 £ 0.02 (33)

> 0.14 (15)

1.66 +0.23 (31)
1.843 (32)
247 +0.57 (33)
0.997+0379 (35)

0.649°0%3 (38)

0.74 (15)

0.8+ 0.1 (31)
0.57 (32)

AS 202

0.81+0.13 (37)

1503)
0.353+0.006 (35)

03350009 (38)

Hen 3-1398

5302 (18)

4.77 +0.07 (31)

1.10 (18)
0.74 + 0.15 (26)

33+ 0.4 (18)
2.1709 (26)
1.958j°.~2.35 (35)
178070088 (38)

2.3+0.5(26)
24+0.1 31

HD 62623

15.6.('28)

0.11 (6)

0.1.5-(11)
0.17 (12)

—0.057

0.7 (10, 16, 27)

0.65 + 0.1 (29)
0.664+0240 (35

—-0.140
1.124j§%§§ (38)

HK Ori

1.65(8)
1.32 (14)
1.13(32)

0.46 (4)
0.46 (8)

0.4.0' é32)

5@
0.8 (5)
1.2(8)

121 &32)

CD-245721

44+£0.2@21)

073 &24)

3.5+£0.521)

3.612+10376 (35)
32550148 (38)

17017

HD 85567

> 2.54 (15)
4.0+ 0.3 (18)
4.66 (23)
4.17 +0.16 (31)
3.13+046 (32)

-0.45
3.3+0.2 (34)

0.23 (13)
0.4 (18)
0.36 (23)

—0.164

> 0.48 (15)
1.5+0.5 (18)

0.91*018 (32)
1.3+0.1(34)

1.002+0-030 (35

10367001 (38)

0.81 (15)
2.23(23)
1.1+0.1 (31)
0.89*203 (32)

CPD-59 2854

22(2)
3.825+0480 (35

31447010 (3g)

1.7 2)

MWC 877

122 @)

1.10 (7)

1.317(9)
1.10 + 0.15 (26)

0.54 (4)
2.56 (7)

1.1%93 (26)
1.270*0-147 (35)

150170089 35
. —0056( )

3.4+0.5(26)

HD 323771

0.40 (7)

2.05(7)

1.072+0069 (35)

1.074°08% (38)

09 '('30)

HD 52721

387 (32)

0.531 (32)
0.72 (1)

A21, page 21 of 22



Aidelman, Y. J, et al.: A&A, 678, A21 (2023)

Table A.2. Continued from the previous page.

ID log L, E(B-V) d A,
[Lo] [mag] [kpc] [mag]
HD 53367 411 (32) e 0.34 (32) -
. - 1.599%092¢ (38)
0.55 (19)
HD 58647 247 (22) o 0.302ﬁ8~%%§ (38)
2.49 +0.01 (39) . 0.28+0005'(15) .
2447008 0.318 (36) - 0.37 (36)
2.96 (25) 0.543 (25) e
LHA 120-S 65 o o

Notes. The numbers in brackets give the references related to the reported measurements. “’We infered the colour excess E(B — V) from the
relation E(b —y) = 0.74 E(B—- V).

References. (1) Mendoza V. (1958); (2) Graham (1970); (3) Eggen (1978); (4) Finkenzeller & Mundt (1984); (5) Harvey (1984); (6) Reed &
Fitzgerald (1984); (7) Kozok (1985); (8) Hillenbrand et al. (1992); (9) Kilkenny (1993); (10) Rovero & Ringuelet (1994); (11) Snow et al. (1994);
(12) Plets et al. (1995); (13) Malfait et al. (1998); (14) Testi et al. (1998); (15) van den Ancker et al. (1998); (16) Bittar et al. (2001); (17) Cidale et al.
(2001); (18) Miroshnichenko et al. (2001); (19) Tjin A Djie et al. (2001); (20) Gauba & Parthasarathy (2003); (21) Miroshnichenko et al. (2003);
(22) Monnier et al. (2005); (23) Manoj et al. (2006); (24) Miroshnichenko (2007); (25) Montesinos et al. (2009); (26) Carmona et al. (2010); (27)
Chentsov et al. (2010); (28) Hohle et al. (2010); (29) Meilland et al. (2010); (30) Sartori et al. (2010); (31) Verhoeff et al. (2012); (32) Fairlamb et al.
(2015); (33) Vickers et al. (2015); (34) Khokhlov et al. (2017); (35) Bailer-Jones et al. (2018); (36) Vioque et al. (2018); (37) Condori et al. (2019);
(38) Bailer-Jones et al. (2021); (39) Marcos-Arenal et al. (2021).
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