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Abstract: The emission-line B-type stars constitute a heterogeneous group. Many of these stars show
similar optical spectroscopic features and color indices, making it difficult to classify them adequately
by means of photometric and spectroscopic techniques. Thus, it is relevant to deal with appropriate
classification criteria to avoid as many selection effects as possible. For this purpose, we analyzed
different reddening-free Q parameters, taking advantage of the Gaia and 2MASS photometric surveys,
for both main sequence and emission-line B-type stars. Along with this work, we provided various
criteria to search for normal and emission-line B-type stars, using different color—color, Q—color, and
Q-Q diagrams. It was also possible to identify stars in different transition phases (i.e., (Rp —J)
vs. (J — Ks) diagrams) and to classify them according to their NIR radiation excesses (i.e., the
(Bp — Rp) vs. (H — Ks) diagram). Other diagrams, such as the Qjxgx vs. (H — Ks) or QppjHx Vs.
(Bp — Ks), were very useful to search for and classify different classes of B-type stars with emission
lines. These diagrams highlighted the presence of several stars, classified as CBe, with large color
excesses that seemed to be caused by the presence of dust in their envelopes. Therefore, these stars
would be misclassified. Three groups of HAeBe stars with different intrinsic dust properties were
also distinguished. The amount of intrinsic dust emission in the diverse groups of emission-line stars
was well-recognized via the Qg vs. Qpprpyk diagram. The different selection criteria are very
important tools for automated designs of machine learning and optimal search algorithms.

Keywords: stars: early-type; stars: emission-line, Be; (stars:) circumstellar matter; stars: peculiar
(except chemically peculiar)

1. Introduction

In some particular evolutionary phases, and even during the main sequence stage,
some B-type stars exhibit emission lines in their optical spectra, mainly the Ha line (cf. [1]).
These are known as emission-line B-type stars. Usually, these stars are embedded in dense
gaseous circumstellar envelopes (CEs), although many also contain a dusty environment.
The presence of the CE not only gives rise to the emission lines but also to infrared (IR)
excess over the photospheric radiation due to bound-free, free—free, and thermal emission
from gaseous and dust components, respectively [2].

Within the emission-line B-type stars group, we can find objects with very different
evolutionary stages, such as the following: (a) the Herbig Ae/Be (HAeBe) stars, pre-main
sequence (PMS) objects of spectral types B, A, or E, with stellar masses between 2 M and
10 Mg, [3,4]; (b) the classical Be (CBe) stars, B-type non-supergiant stars that show rapid
rotation, which facilitates the formation of gaseous envelopes [5]; (c) the B supergiant (BSG)
stars with strong wind outflows and rings [6]; (d) the stars with the B[e] phenomenon,
a heterogeneous group identified by an emission spectrum with additional forbidden
lines of single-ionized atoms and a large IR radiation excess [7]. This last group gathers
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together the following: (i) young stellar objects, like HAeB[e] stars; (ii) the Luminous Blue
Variables (LBVs), post-main sequence massive objects characterized by intense eruptive
mass-loss events [8-11]; (iii) the B[e] supergiants (B[e]SGs), massive stars found beyond
the main-sequence, with a luminosity of 10* — 10° L, (cf. [12]). Their CEs are represented
by a two-component wind model [13] comprising; (iv) the interactive binaries with B-type
companions [14]; (v) the post-AGB stars, a very short evolutionary phase, in which the
objects increase their effective temperatures at constant luminosity and turn into a planetary
nebula (cf. [15]). Table 1 summarizes the emission-line B-type stars analyzed in this work.

Table 1. Summary of emission-line B-type stars analyzed in this work.

Emission-Line B-Type Star Evolutionary Stage

HAeB[e]/HAeBe Pre-main sequence object with or without the B[e]
phenomenon

CBe Non-supergiant B-type star

LBV Post-main sequence massive object

Ble]SG B-supergiant star with the B[e] phenomenon

However, there is some inevitable contamination among the above-mentioned cat-
egories. The HAeBes share many properties with the CBe stars, as their gaseous discs
generate very similar observable features [5,16]. As many as around half of the known
HAeBes display the B[e] phenomenon [17]. Other objects have a doubtful nature, the so-
called unclassified B[e] (unclB[e]) stars, so they are easily confused with members of other
groups [7]. These objects simultaneously show features of either early or evolved stars with
dust in their envelopes, yet lack cold dust components [13]. Sheikina et al. [18] and Mirosh-
nichenko [14] proposed that the unclBJe] stars with little cold dust, called FS CMa-type stars,
are binary systems undergoing mass transfer. The FS CMa-type stars have comparable
near-infrared excesses as Group I Herbig stars (those with very large IR radiation excess)
but with mid-infrared excess even weaker than Group III (stars with small IR radiation
excess), see Chen et al. [19].

Thus, the emission-line B-type stars constitute a heterogeneous group. Usually, they
are either associated with star-forming regions or ejecta-enriched material from an evolved
star. As many stars show similar spectroscopic features and color indices, it has become
difficult to classify them adequately through photometric and spectroscopic techniques.
Moreover, since these kinds of objects are often very distant, they also have uncertain
luminosity. Therefore, determinations of their photospheric parameters, spectral types,
and evolutionary stages are very challenging (e.g., [12,20]).

In the last decade, there has been an exponential growth of data volume from space
missions and synoptic sky surveys that have transformed how astronomy is conducted.
To take full advantage of this wealth of information, mainly as a tool to optimize object
selection, catalog stellar objects, and perform statistical analyses on them, it is very impor-
tant to deal with appropriate criteria of classification that avoid as many selection effects
as possible.

The near-infrared (NIR) nature of the surveys is particularly useful for the analysis of
early-type emission-line stars, since photometry is less sensitive to dust obscuration than
optical observations. The NIR intrinsic colors of early-type, and most late-type, stars cause
them to lie along separated sequences in a (H — Ks) vs. (] — H) color—color diagram (CCD)
when reddened by an arbitrary amount, as Comerén et al. [21] illustrated for the nearby
Cygnus OB2 association. The NIR CCDs have also been used to classify emission-line
B-type stars, such as HAeBes, B[e]SGs, and LBVs [22,23], but there is still a certain mix of
objects due to interstellar reddening effects and, possibly, to similar physical properties that
lie in their discs [12]. As a consequence, a selection method based only on excess emission
in infrared radiation may easily generate a sample contaminated with Young Stellar Objects
(YSOs) and post-main-sequence stars.
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An alternative method of selection is to use the reddening-free quantity Qjyx =
(] = H) —1.70 (H — Ks) [24], equivalent to the Johnson’s Q parameter [25]. This Q;yk
parameter allows us, for example, to separate early-type normal stars, which are character-
ized by Qjyk ~ 0, from background red giants, that are expected to have Q;yx ~ 0.5 [26].
Comeroén and Pasquali [26] showed that by choosing stars with Q;yx < 0.30, together
with traditional selection criteria through magnitudes and colors, all the early-type stars
would be recognized, including those displaying NIR excess produced by circumstellar
environments, which would further decrease the value of Q. Notwithstanding, the sam-
ple might be potentially contaminated by oxygen-rich AGB stars and carbon-rich giants
that display JHKs colors similar to those of normal reddened early-type stars [27]. Later,
Garcia et al. [28] also found that the use of Q diagrams in the optical ranges, such as Qu;py
vs. Veorr (the Q parameter in the UBV bands versus the apparent visual magnitude cor-
rected from extinction) partially broke the color degeneracy of massive blue stars. Therefore,
this diagram was also helpful in estimating stellar parameters. They also showed that the
different types of massive stars (O, B, Be stars, and the WO) are located in well-defined
loci with little mixing. In the same direction, Aparicio Villegas et al. [29] developed a
methodology for stellar classification and physical parameter estimation (T, log g, [Fe/H],
and color excess E(B — V)), based on 18 independent reddening-free Q-values.

One of the purposes of this work was to design strategies to select specific groups
of emission-line B-type stars from their photometric properties avoiding contamination
with other objects to the greatest extent possible. To fulfill this goal, we carried out an
exhaustive analysis of the behavior of the O parameter, taking advantage of the photometric
measurements provided by the Global Astrometric Interferometer for Astrophysics mission
(Gaia, [30,31]) and the Two Micron All Sky Survey (2MASS, [32,33]). In this way, we would
be able to perform a stellar classification based solely on apparent magnitudes, minimizing
as much as possible the effect of interstellar reddening. This technique would also enable
distinction between the various emission components: star, free—free emission, and thermal
emission. There are different possibilities for using Q parameters for stellar classification
purposes. For example, the simplest method is based on Q-Q diagrams (QQD) calibrated in
terms of spectral classes (or temperatures) and absolute magnitudes (or gravities). Another
more powerful method is to use more than two Q-parameters, forming multidimensional
space cells [34].

In this work, we used Gpp and Gg), photometry from Gaia Early Data Release 3 (EDR3, [35])
and J, H, and Ks from 2MASS to construct reddening-free Q parameters. We also showed
that Q-color index diagram (QCD) and QQD enabled us to separate different types of
B-type stars in transition phases, namely, HAeBes, LBVs, and B[e]SG stars, from each
other. The paper is organized as follows: in Section 2, we define the reddening-free Q
parameter; in Section 3, we describe the criteria to calculate Q parameters using Gaia EDR3
and 2MASS photometry. The behavior of the Q parameters with effective temperatures
is also addressed; Section 4 shows the loci of the selected groups of emission-line B-type
stars in the different diagrams (CCD, QCD, and QQD). Finally, Sections 5 and 6 present a
discussion of this work’s results and the main conclusions.

2. Reddening-Free Q Parameter

In the (U — B) vs. (B — V) color—color diagram, Johnson and Morgan [25] noted that
the lines connecting reddened and unreddened stars of the same spectral type had very
nearly the same slope. Thus, they defined the quantity:

E(U - B)

QUBV:(U_B)_W

(B—V) ©)
that turned out to be an interstellar reddening-free parameter and could be used to deter-
mine the spectral types and reddening of stars between B1 and B9, inclusive (as explained
by Johnson and Morgan [25]).
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The definition of the reddening-free Q parameter can be extended to any other photo-
metric system:

E(my —my)

E(ng, — WI4) (m3 - m4) (2)

Qmymymamy = (my —my) —
considering either four different magnitudes (1, my, m3, and my) corresponding to differ-
ent photometric filters or three different magnitudes (adopting m, = m3).

The knowledge of the slope, E(mq — my)/E(m3 — my), in the (mq — my) vs. (mg — my)
CCD enables elimination of the effect of interstellar reddening and derives the intrinsic
color indices of stars. Thus, Q represents the ordinate to the origin of the line connecting
the reddened and unreddened positions of each star; see green circles in Figure 1.

(my —my)
E(my —ms)

mg — (
E(ms — my) (ms —ma) +Q

(my —mg) =

(my —mo)

E(my —ma)

(my —ma),

E(m3—my)

(m3 — my)

o (m3 — mu), (mg — my)

Figure 1. The reddening-free Q parameter definition. Stars with the same spectral types but different
color excesses (green circle symbols) have the same Q. If the star has an anomalous color excess (red
cross symbol), the Q parameter changes to Q' (see details in the text).

On the other hand, the interstellar absorption at a given magnitude, i.e., A, for the
my magnitude, as well as the ratio E(mq — my) / E(m3 — my), both depend on the interstellar
extinction law!. However, dust extinction has different properties in different regions of
the sky, on both small and large scales. Therefore, variations in the interstellar medium
(ISM) law would affect not only the color-excess ratios but also the Q parameters [36,37].
This change is represented by:

E(Tﬂ3 — 1114) E(T’I’lg — m4)

as shown in Figure 1. Thus, the changes of Q due to different E(my — my)/E(m3 — my)
ratios may help to detect the peculiarity of the extinction law towards particular sky regions.

It is interesting to note that in a QCD, stars with the same spectral type, but different
“normal” reddening, lie on a straight line parallel to the x-axis, as shown in Figure 2.
By using an appropriate set of photometric filters, e.g., the automated two-dimensional
classification from multicolor photometry in the Vilnius system [38-42], it would be possible
to make a stellar classification with a set of reddening-free Q parameters.
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E(mg —my)

0, E(m, —my) .

(ma — my)

)

<% (ma — m,,)‘[‘f'

(mg — my)g

Figure 2. Free-reddening Q parameter vs. color-index diagram (QCD). Stars with the same spectral
type but different “normal” reddening lie on a straight line parallel to the x-axis.

To calculate the standard error (), we should consider that the Q parameter depends
on the accuracy of the magnitudes and the color-excess ratio. Thus,

E(my —my)

2
=+t (po ) (Bt o) + s -mfi @
where E = E(my — my)/E(m3 — my). Then, considering that the accuracy of all magnitudes

is the same, 0y;;, and o = 0, it results in:

- <E(m1 —mgﬂ, )

2 2
=2
7Q = =0m E(mz —my)

3. Study of Gaia and 2MASS Reddening-Free () Parameters

We chose to work with Gaia EDR3 [35] and 2MASS [32,33] catalogs because the
corresponding missions surveyed the entire sky. Furthermore, B-type stars and nearby
stars have unsaturated magnitudes. In this way, we had, in the visual and NIR regions,
respectively, the Gg, (blue) and Gg, (red) passbands of the Gaia system and the 2MASS J,
H, and Ks photometric bands. We denote, for simplicity, the Gaia Bp and Rp bands. We
did not use the Gaia G-band because, in such a high bandwidth, the extinction coefficient
varies strongly with temperature and the extinction itself but less with surface gravity and
metallicity [43,44].

3.1. The Q Parameters and Color-Color Diagrams for Normal B-Type Stars

Since there is no previous study of Q parameters that combine the Gaia and 2MASS
photometry, we needed, first, to analyze the position of the B-type stars without emis-
sion lines (from now on normal B-type stars) in the different diagrams, Q vs. effective
temperature (To¢), and their corresponding color—color relations.
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The sample of “normal” B-type stars was selected from Zorec et al. [45,46], Aidelman
et al. [47,48,49] and Cochetti et al. [50]. Our sample did not consider stars classified as Be
(that at least once presented the Ha line in emission) or Bn (with hydrogen lines deformed
by high rotation). This was a homogeneous sample with confident stellar parameters
obtained with the spectrophotometric BCD classification system [46,51,52]. The BCD
system has a relevant advantage; the photospheric Balmer discontinuity, D*, is not affected
by interstellar extinction or circumstellar effects (extinction or emission). The reason for
this is that the D* value is a linear combination of the Q;py parameter [53].

The cross-matches between the B-type star sample and the Gaia EDR3 and 2MASS
catalogs were done using TOPCAT? (Tool for OPerations on Catalogs And Tables [54,55]). The
search radius was set at 0.2 arcsec to avoid duplicated sources. We also selected stars with
accurate photometry. This meant they satisfied the following criteria: (a) the magnitude
G < 16 mag, (b) mean errors in Bp and Rp little than 0.01 mag for the Gaia EDR3, and (c)
JHKs photometry with quality flags (“Ofl” or “ph_qual”) equal “AAA” for the 2MASS.
In this way, we guaranteed that the 0;,,; contributions at o (in Equation (4)) were as small
as possible.

To calculate the reddening-free Q values (Equation (2)) we used the combination of all
color indices: (Bp — Rp), (Bp—1]), (Bp — H), (Bp —Ks), (Rp —J), (Rp — H), (Rp — Ks),
(] — H), (] —Ks), and (H — Ks), which led to a total of C(10,2) = % =45Q
parameters. The color-excess ratios were obtained from the relative absorption coefficients,
tm, = Am,/ Ay, for each of the selected five bands, which were estimated using the
“extinction” code Fast Interstellar Dust Extinction Laws in Python3 [56]. With this tool, we
estimated the ry,, values for different wavelengths and different extinction laws for each of
the three available models [57-59], which also permitted the use of different values for Ry.
These values are given in Table 2. This code also calculated the extinction for Fitzpatrick
and Massa [60]'s model but only for Ry = 3.1. Therefore, this last model was not adopted
in this work. It is important to stress that the dependence of Bp and Rp relative absorption
coefficients with the T, are still unknown. However, as the filters were narrower than the
one of the G band, we would expect a lower effect.

Table 2. Values of relative absorption coefficients for the Gaia EDR3 and 2MASS filters

Filter A Central Tm, = Am,/Av
[A] Ry =21 Ry = 3.1 Ry = 4.1 Ry = 5.1
Cardelli et al. [57]

Bp 5110 1.128 1.091 1.073 1.061

Rp 7770 0.550 0.631 0.673 0.698

] 12,350 0.230 0.288 0.317 0.335

H 16,620 0.143 0.178 0.197 0.208

Ks 21,590 0.094 0.117 0.129 0.136
O’Donnell [58]

Bp 5110 1.153 1.105 1.080 1.066

Rp 7770 0.573 0.643 0.678 0.700

J 12,350 0.230 0.288 0.317 0.335

H 16,620 0.143 0.178 0.197 0.208

Ks 21,590 0.094 0.117 0.129 0.136
Fitzpatrick [59]

Bp 5110 1.130 1.087 1.065 1.052

Rp 7770 0.503 0.581 0.621 0.645

] 12,350 0.263 0.262 0.262 0.261

H 16,620 0.170 0.163 0.160 0.158

Ks 21,590 0.115 0.112 0.111 0.110
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In order to estimate typical Q errors for normal B-type stars, we calculated AQ and
oo (Equations (3) and (4), respectively). On the one hand, we estimated |AQ| where the
Q' values were calculated using Fitzpatrick’s model for Ry = 2.1, 4.1, and 5.1 while the Q
values corresponded to Ry = 3.1. On the other hand, we calculated o for each reddening
law (see Table 2) using Ry = 3.1 and 0 = 0. Both |AQ| and ¢ values were calculated for
the 45 combinations of color-excess ratios corresponding to our entire sample of normal
B-type stars. These values are shown in Figure 3. The results showed that the mean values
were: [AQ| ~ 0.05 and o ~ 0.15. Therefore, any star would show anomalous reddening
if its |Q| value was larger than 3|AQ| ~ 0.15 of the expected one for its spectral type. By
analogy, we could define a Q range of 3 0y ~ 0.45 that would contain all the normal B-type
stars. This criterion could be used to identify peculiar stars since they would be located
outside the defined Q range.

Meqn: 0.15 Meqn: 0.05
82.7% Median: 0.08 104.4% Median: 0.02
B Cardelli et al. (1989) mm Ry=21
73.5% 1 O'Donell (1994) I Ry=4.1
= = Fitzpatrick (1999) 89.46% == R,=51

64.3%

74.55%
55.1%

45.9% 59.64%

36.8% 44.73%

27.6%
29.82%
18.4%

14.91%
9.19%

0.0% =
0.00 025 050 0.75 100 1.25 150 1.75 0.0 02 04 06

9
0.0% 0.8
(/6] |AQ|

1.0 12 14

Figure 3. Frequency histogram of error distributions for different reddening laws. The o (left panel)
and |AQ] (right panel) values were calculated for our entire sample of “normal” B-type stars using
the 45 reddening-free Q parameters. To calculate 0o we used Ry = 3.1 for the different reddening
laws, while to calculate |AQ| we used Ry = 2.1, 4.1, and 5.1. See details in the text.

Figure 4 shows some examples of the behavior of the parameter Q with Ty and
their respective color—color indices. These diagrams were selected considering the color
indices frequently used in the literature. To study this behavior, we plotted our B-type
star sample, together with the main sequence (MS) taken from the Modern Mean Dwarf
Stellar Color and Effective Temperature Sequence* (much of the content of this table,
but not all, was incorporated into the Table 5 of [61]). The Q values for both the B star
sample (red points) and the MS (solid gray line) were calculated using the model created
by Fitzpatrick [59] with Ry = 3.1. To show the effect of anomalous and normal reddening
on color—color diagrams, the MS was reddened considering Ay = 1 mag, adopting the
model done by Fitzpatrick [59] for the different Ry coefficients listed in Table 2, while in
the Q-T¢ diagrams the Q values for MS were calculated also using the Fitzpatrick’s model
with Ry = 2.1, 4.1, and 5.1 (solid and dashed lines, see the caption to Figure 4). Then,
considering that oy = 0.15 (as set out above), we could define the following limits in the
Q-Tefr diagrams and CCDs (shown in brown dashed lines):

~0.10 < Qjkrpy < 0.05 ©)

—0.07 < Quiaprpy < 0.08 ()
~0.11 < Qypx < 0.04 ®)
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that encloses almost all the B-type stars of the sample (around 86%, 93%, and 64% of a total
of 163 stars for each of the limits defined above).

Intrinsic colors

Ry=2.1

0.4

0.2

M9
]

4.4 4.2 4.0 3.8
IOQ(Teff)

3.6

3.4

0.2

0.1

QHxkBpRp

-0.1

4.4 4.2 4.0 3.8
IOg(Teff)

3.6

3.4

M9

4.4 4.2 4.0 3.8
loQ(Teff)

3.6

3.4

(J—Ks)

(= Ks)

(H—Ks)

0.5

0.4

0.3

0.2

0.1

0.0

-0.1

Ry=4.1 Ry=5.1
v Mo
& :
w
7 MO
4
%o
B /;‘Go
0 2 3
(Rp=))
% 19
p\\l/ )
. /I
: . LY
X d .
i KO
g
Ryl
0 1 2 3 4 5
(Bp —Rp)
M9
M0
7 /Ko
0.0 0.2 0.4
(H—Ks)

Figure 4. Behavior of Qjkrpy, QHkBprp and Qrux parameters with Ty (left panels) and their
corresponding color—color diagrams (right panels). The red points represent the loci of the “normal”

B-type star of the sample [45-50]. The main sequence band (solid gray line, [61]) was reddened

considering Ay = 1 mag adopting the model done by Fitzpatrick [59] for different Ry coefficients:
Ry = 2.1 (pink dotted line), Ry = 3.1 (solid blue line), Ry = 4.1 (orange dashed line), Ry = 5.1
(green dashed line). The effect of the reddening vector, i.e., Ay = 2 mag, for different ISM laws, is
indicated in the top-left part of the plots. The brown dashed lines enclosed the cloud of points within

o < 0.15.



Galaxies 2023, 11, 31

9 of 22

3.2. The Q—Color and Q—-Q Diagrams for Normal B-Type Stars

Generally, the effective temperature of the B-type stars is a priori an unknown quantity
and is often derived from spectroscopic data. Therefore, an alternative way to describe
the behavior of the Q parameters with T, or the spectral types, is to use the color indices.
Thus, the (Bp — Rp) color index is useful, for example, to classify stars according to their
Tegs- Jordi et al. [43] remarked that (Bp — Rp) plays the same role as (V — I¢), thus the
relationship between (Bp — Rp) and T could be almost equivalent to the well-known
relation of Tegr = f(V — Ic). On the other hand, Mucciarelli et al. [62] also found that
(Bp — Ks)p and (G — Ks)( were the best choice to derive precise and accurate T, values
among late-type stars.

Then, to explore the behavior of Q parameters with the color indices, we present
some QCD in Figure 5. The Q parameters for the sample of B-type stars and the MS were
constructed as explained in Section 3.1. In these plots, the MS was also reddened. These
diagrams allowed early-type stars (red cloud of points) to be separated from late types on
the MS. In particular, in the Qpprpx Vs. (J — Ks) and Qpprpak vs. (Bp — Rp) diagrams
(left panels), the B-type stars were located in a well-delimited region. This group was
located at

~0.11 < Qppjrpk < 0.20 and —0.20 < (] —Ks) < 0.14 )
~0.60 < Qpprpuk < 0.50  and —0.30 < (Bp — Rp) < 0.40 (10)

where the upper limits for the color indices correspond to an FO V star. Another relevant
characteristic of the diagrams of Figures 4 and 5 is that the differences between the MS
and anomalous reddening ones seemed to be very small, at least for the selected B-type
star group.

Our sample of B-type stars in the Qp,xjg vs. (Bp — Ks) diagram (top-right panel
of Figure 5) was located in the range —0.17 < Qppkjy < 1.0, where the lower limit
corresponded to the position of an FO V-type star. This region could be compared with
that defined by Poggio et al. [63] in the (] — H) vs. (Gprz — Ks). These authors made a
preliminary selection of OB candidates that satisfied both (] — H) < 0.14 (Gpgry — Ks) +0.02
and (] — Ks) < 0.23 (Gpra — Ks). The first condition could be expressed in terms of Q
as QjHcppk = (J — H) —0.14(Gpro — Ks) < 0.02. Then, by multiplying both sides by
(—0.14) !, we obtained Qg ,kji = (Gprz2 — Ks) —0.07(J — H) > —0.14 which was similar
to the region defined for QppxjH-

As was already mentioned in Section 2, the reddening vector in the QCD has a
horizontal direction (Figure 2), for this reason, the reddened B-type stars were overplotted
to A and F-type MS stars. This effect was more evident in the Q;yx vs. (H — Ks) diagram
(bottom-right panel of Figure 5).

Finally, Figure 6 shows other examples of QQDs. Here, we find that in the Qyyx vs.
QBprpk (top-left panel) and Qgrpjx vs. Qpprprk (bottom-left panel) diagrams, the loci of
the B-type stars were restricted to a small region around the coordinate point (0, 0):

—0.18 < Qjuk < 0.01 and —0.12 < Qpprpx < 0.18 (11)
—0.05 < QRp]K < 0.24 and —0.6 < QBPRPHK < 0.7 (12)
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These relations could be used as possible criteria for selecting B-type stars. In particular,
the first diagram is very sensitive to the ISM reddening law, and it could also be helpful for
detecting stars with anomalous reddening.

On the other hand, the combination of parameters Q;yk vs. Q BpRpHK and QppkHK V8.
QBprpHK (right panels) were not convenient at all, since they mixed late- and early-type
stars. Notwithstanding, it drew attention to the fact that the B-type stars were located in a
very narrow line that was almost perpendicular to the reddening direction.

Intrinsic colors Ry=2.1 —— Ry=3.1 Ry=4.1 Ry=5.1
2.0 3
1.5 e“
1.0
1
N 0.5
S 9 T
< » <
S 00 & 0
-0.5 -1
-1.0
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-1.5
-3
-2.0
—-0.25 0.00 0.25 0.50 0.75 1.00 1.25
(J—Ks)
0.3
1
0.2
1
0 0
X
g x 00
& S
-1 -0.1
-0.2
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-0.4
0 1 2 3 4 5 -0.1 0.0 0.1 0.2 0.3 0.4 0.5
(Bp —Rp) (H—Ks)

Figure 5. Examples of the behavior of the Q parameter with the color indices. The red points represent
the loci of the “normal” B-type star of the sample [45-50]. The main sequence band (solid gray line)
was reddened considering Ay = 1 mag for different Ry coefficients: Ry = 2.1 (pink dotted line),
Ry = 3.1 (solid blue line), Ry = 4.1 (orange dashed line), and Ry = 5.1 (green dashed line). See the
text for details.
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Figure 6. Examples of selected Q-Q diagrams using different Ry absorption coefficients. The red
points represent the loci of the “normal” B-type stars of the sample [45-50]. The main sequence band
was calculated using different Ry coefficients: Ry = 2.1 (pink dotted line), Ry = 3.1 (gray solid line),
Ry = 4.1 (orange dashed line), and Ry = 5.1 (green dashed line). See the text for details.

4. B-Type Stars with Emission Lines

In the previous section, using several Gaia and 2MASS color—color, Q—color, and Q-Q
diagrams, we delimited regions where normal B-type stars locate. In this section, we
analyzed the location in the color—color, Q—color, and Q-Q diagrams of different kinds
of emission-line B-type stars with respect to the normal ones. Our goal was to be able
to find criteria that would allow us to separate among the diverse groups of stars with
emission lines.

To analyze the position of the emission-line B-type stars in the different diagrams,
we constructed our sample using stars classified by Lamers et al. [7], Kraus [12],
Miroshnichenko [14], Cidale et al. [20], Oksala et al. [22], Zorec et al. [45,46], Aidelman
et al. [47,48,49], Cochetti et al. [50], Clark et al. [64] and Guzmaén-Diaz et al. [65]. In this
way, in addition to the 163 normal B-type stars already studied, our sample was composed
of 84 classical Be stars (CBe), 204 HAeBe and HAeBJe] stars, 33 LBVs, and 23 B[e]SGs. We
searched for Gaia and 2MASS photometric data, and, finally, we obtained a sample of 156
emission-line B-type stars. It was striking that only 34 HAeBe stars, among the 204 selected
stars, had photometric data in the Gaia EDR3 and 2MASS catalogs.
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4.1. Color—Color Diagrams for Emission-Line B-Type Stars

The Gaia and 2MASS color—color diagrams are shown in Figure 7. Again, the solid
gray line is the main sequence. The reddening vector (A, = 2 mag) is indicated in the
upper left. The cloud of red and cyan points are, respectively, the normal B and CBe stars.
Blue symbols are for HAeBes (and a few HAeB|e]s), orange triangles for B[e]SGs, and green
squares for LBVs. Symbols surrounded by black open circles correspond to stars with
accurate photometry. These stars satisfied the stated criteria (a), (b), and (c) in Section 3.1.
We distinguished two groups of CBe stars in all the plots. The first group behaved as normal
B-type stars do. These stars seemed to have small or no infrared excess. The second group
encompassed stars with a large color excess, sharing similar photometric characteristics
to some LBV stars. These CBe stars presented interstellar reddening and intrinsic color
excesses (because the reddening vector points toward a slightly different direction). The
large color excess observed in the last group of stars is discussed in Section 5. Particularly
interesting are the (Rp — Ks) vs. (Bp — Rp) and (] — Ks) vs. (Bp — Ks) diagrams (top-left
and top-right panels in Figure 7, respectively). These are very useful for searching for CBe
stars with large infrared excesses because the normal B stars distribute along a narrow and
well-defined band.

The best studied NIR color—color diagram in the literature is the (] — H) vs. (H — K5s)
(see Figure 7, middle-left panel). Even when the stars are affected by reddening, this
NIR two-color diagram permits separate LBVs from B[e]SG stars [22,23]. However, there
is still significant contamination between LBVs and HAeBe stars. This diagram also
allows distinguishing, although some mix is observed; the HAeBe stars from both the
CBe stars [66] and the B[e]SGs [23]. For illustrative purposes, two straight brown dashed
lines (] — H) = 1.93(H — Ks) —1.11 and (] — H) = 1.93(H — Ks) — 0.55) were plotted to
indicate the regions mostly occupied by each group of stars: LBVs, HAeBes and B[e]SGs.
Similarly, a (] — H) vs. (Bp — Ks) diagram (Figure 7, bottom-right panel) shows some
mixture between young and evolved emission-line stars.

A relevant result was the behavior of the two-color diagram (Bp — Rp) vs. (H — Ks)
(Figure 7, bottom-left panel), which separated groups of stars (but without recognizing
their evolutionary stages) in regions or bands of different color excesses. This behavior
was not caused by the reddening vector, which pointed almost perpendicularly to the
horizontal shift shown for the different groups of stars. Moreover, this color—color diagram
also separated the LBVs from the MS late-type stars. Similarly, the (Rp — J) vs. (] — Ks)
diagram discriminated, but to lesser degree, LBVs from the other groups. Although, it
seemed to gather groups of stars with different circumstellar reddening (Figure 7, middle-
right panel).

4.2. Q-Color and Q-Q Diagrams for Emission-Line B-Type Stars

As shown in Section 4.1, it was very difficult to delimit regions for HAeBe and B[e]SG
stars using two-color diagrams. Particularly, in all these diagrams, these two types of stars
were, to more or less degree, mixed. The same happened with the population of HAeBe and
LBV stars. Part of this degeneracy could be solved using the Q-color and Q-Q diagrams.

Figure 8 presents several examples of QCD. The top-left panel, Qpprprx vs. (Bp — Rp)
located the LBVs over the line cut Qpyrpnx = —4.5 (brown dashed line). Particularly,
the Qypk vs. (] — Ks) diagram (top-right panel) separated the different groups according
to the amount of IR emission. The greater the amount of hot dust, the higher the (H — Ks)

color index, which implied a more negative value for Qjyxs = (] — H) — lf((lgijg) (H — Ks).
In addition, the dashed brown lines at Qjyx = —1.11 and Qjyx = —0.55 represent,
respectively, the straight lines plotted on the (] — H) vs. (H — Ks) diagram. According
to this, there were three groups of HAeBe stars, one of them located between the main
sequence and the line cut Qjyx = —0.55. It shared its properties with the LBV group of
stars. A second group was located within a region with —1.11 < Q;yx < —0.55, while the

last group had properties similar to the B[e]SGs.
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Figure 7. Selected Gaia and 2MASS color—color diagrams for B-type stars with emission lines.
The main sequence was taken from Pecaut and Mamajek [61]. It was reddened using the extinction
law calculated by Fitzpatrick [59], applying Ay = 1 mag and different Ry values. Symbols represent
the normal B-type stars (in red), the CBe stars (in cyan), the HAeBes/HAeB|e]s (in blue), the LBVs (in
green), and the B[e]SGs (in orange). Black open circles point to stars with accurate photometry (see
Section 3.1). The reddening vector Ay = 2 mag is indicated in the upper-left side of the plots.

The middle-left panel, Qjxpx vs. (H — Ks), better separated HAeBes from B[e]SGs.
There, the HAeBe stars were more reddened than the B[e]SGs. It is also interesting to
note that in both Qjyk vs. (] — Ks) and Qjxpk vs. (H — Ks) diagrams, it was possible to
distinguish a group of five strongly reddened LBV stars as they were shifted horizontally
to the right.

The most interesting diagram was Qppjpk vs. (Bp — Ks) (middle-right panel), which
enabled identification of LBV, B[e]SG, and HAeBe stars from each other. Almost all LBVs
had Qppjux > —7. The B[e]SG stars were also well-separated from HAeBe by the straight
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brown dashed line (Qppjpx = —4.33(Bp — Ks) — 0.57) drawn in the figure. However, in a
QRpJK VS (] — Ks) diagram (bottom-left panel), both CBe and B[e]SG stars seemed to lie
on the same straight line (Qrpjx = —1.99(J — Ks) 4 0.08). Instead, the LBVs had values of
Qrpjx > —1.7. The Qpyxjk vs. (Rp — Ks) diagram showed similar behavior.
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Figure 8. Q-color diagrams of emission-line B-type stars. The main sequence was reddened applying
Ay = 1 mag and different Ry values (see Section 3 for details). Symbols represent the normal B-type
stars (in red), the CBe stars (in cyan), the HAeBes/HAeB[e]s (in blue), the LBVs (in green), and the
B[e]SGs (in orange). Black open circles point to stars that have accurate photometry (see Section 3.1).
The brown dashed lines delimit regions of stars that share similar properties.

Figure 9 illustrates several examples of QQD. LBVs and B[e]SGs which are clearly
apart from each other. In most of these diagrams, the HAeBe stars are also separate from
the B[e]SGs. For instance, on a Qjuk vs. Qpprpuk diagram (top-left panel), most of the
LBVs lie on the right of the vertical line at Qpyrpypxk = —4.5 and above the horizontal
at Qjgyx = —0.55, thereby complementing information given in Figure 8 (top panels).
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In a diagram Qjpk vs. Qppkjk (middle-left panel), the LBVs are inside a box delimited
by —4.8 < Qppxjx < —0.25, and —0.55 < Qjyx < 0.11. In addition, it is also possible
to separate HAeBes from B[e]SGs through the line Qjyx = 0.1 Qppkjx — 0.35. Finally,
the Qypk vs. Qpprpk diagram (bottom-left panel) shows similar behavior.

Concerning the panels on the right side, they show a greater mix between the group
of stars than the ones on the left side, e.g., in the QrpjHx vs. Qppxjk diagram (middle-right
panel), the LBVs have values of Qryjux > —2.4, and the HAeBes and B[e]SGs can be
separated with the line Qrpypx = 0.48 Qpprjx — 1.4
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Figure 9. Example of Q—Q diagrams for B stars with emission lines. The main sequence was reddened
applying Ay = 1 mag and different Ry values (see Section 3 for details). Symbols represent the
normal B-type stars (in red), the CBe stars (in cyan), the HAeBes/HAeB|e]s (in blue), the LBVs (in
green), and the B[e]SGs (in orange). Black open circles point to stars that have accurate photometry

(see Section 3.1). The brown dashed lines delimit regions of stars that share similar properties.
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5. Discussion

Traditionally, the positions of the stars in different photometric diagrams, or even
in the HR diagram, have been adopted as selection criteria to classify stars according to
their intrinsic properties, memberships in clusters or associations, variability types, etc.
In this work, we focused on studying various color—color diagrams, taking advantage
of the Gaia and 2MASS photometric surveys as powerful analysis tools to select and
classify B-type stars with and without emission lines. Notably, one would expect that
the NIR radiation excess emitted from gaseous and dust CEs of early-type stars would
show different properties according to their chemical composition (gas-to-dust ratio),
the absorption and heating mechanisms of particles, dust temperature, and the size of
dust grains. As each diagram has its own limitations, mainly because the colors are
affected by ISM, it was important to adopt multiple criteria. For this purpose, we also
analyzed different reddening-free Q parameters, since the method presents high confidence.
For instance, Mohr-Smith et al. [67] found that the extension of the Q method to the Sloan
filter system had a confidence of 97%. The study was based on follow-up spectroscopy of a
sample of OB stars selected in a previous study using the Q method [68].

In general, from the two-color diagrams of Figure 7, the HAeBe stars were very
difficult to separate from B[e]SGs or LBVs. The best option was the (] — H) vs. (H — Ks)
diagram that enabled distinguishing HAeBe from B[e]SGs [23], and LVBs from B[e]SGs [22],
delimiting particular regions through straight lines (middle-left panel). However, there was
still a substantial mixture between the HAeBe stars and the LBVs group (according to [23]).
This preliminary classification could be complemented by the information derived from
a (Bp — Rp) vs. (H — Ks) diagram that permitted, in addition, the identification of hot-
HAeBe and B[e]SG stars with strong intrinsic IR emissions and no reddening interstellar
excess. These stars were located within a region defined by 0 < (Bp — Rp) < 1 and
05 < (H—Ks) < 1.25. All this information could also be retrieved in the Qjpx vs.
QBprpHk diagram, where the straight lines, plotted on the JHKs two-color diagram, were

transformed into horizontal lines at Qjgx = —0.55 and Qg = —1.11. The box in the
(Bp — Rp) vs. (H — Ks) two-color diagram resulted in the range —12.4 < Qpyrpax S —3.96.

Furthermore, in this QQD the three groups of stars, that is the HAeBes, LBVs, and B[e]SGs,
were well separated from each other. According to Oksala et al. [22], the B[e]SGs were
surrounded by larger amounts of hot dust than the LBVs, whereas the LBVs hosted huge
amounts of cool dust at far distances.

We also recognized three kinds of HAeBe stars that presented different amounts of
NIR radiation excess. In all CCDs, QCDs, and QQDs, we observed a group of HAeBes
located in the same region as LBVs and some CBe stars. Figure 9 (top-left panel) shows that
this group of stars had Qjpx > —0.55. The other two groups had —1.11 < Qjyx < —0.55,
and Qjux < —1.11, respectively. The latter corresponded to HAeBe stars with significant
IR excess. Our result agreed with that found by Chen et al. [19] ina (] — H) vs. (H — Ks)
diagram. These authors noted that the majority of HAeBe stars were located in the region
of 0 < (H—Ks) <2and —0.2 < (] — H) < 2.0, which means —4.08 < Qjyx < 2. Only a
small group of sources presented less or no infrared excess showing a similar distribution
as the majority of the CBe stars (—0.2 < (H — Ks) < 0.2and —0.2 < (] — H) < 0.2), which
implied that —0.59 < Qyyk < 0.59. Finally, they found sources that had very large infrared
excesses with (H — K) > 1.5. Sources with less excess IR radiation probably originated
from free ionized gas emissions. Instead, those sources with large excesses of IR radiation
were likely indicative of the influence of a bright nebulosity related to low temperatures or
mainly thermal emissions from the surrounding dust [4].

A somewhat similar result was achieved for the CBe stars. Our sample of CBe stars
encompassed bright Be field stars and Galactic cluster members. Among them, we recog-
nized two types of CBe stars. One group, with small near-IR excess, resembled the normal
B-type stars. The second group consisted of a few CBe stars (and a small group of stars
classified as normal B-type stars) with a moderate IR excess, sharing properties with the
LBVs. The latter could be better identified in the QCDs of Figure 8, particularly, in the
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QBprpHK VS. (Bp — Rp) (top-left panel) and Qppjuk vs. (Bp — Ks) (middle-right panel)
diagrams. Zhang et al. [66] explained that a small radiation excess could be accounted
for by hot circumstellar plasma, but a larger IR excess would require thermal emission
from circumstellar dust. Lee and Chen [69] proposed that the dust grains were produced
by condensation in the expanding stellar atmosphere, and, therefore, the dust particles
should be very small in size to reprocess starlight efficiently. In contrast, the HAeBe stars
showed a very large infrared excess which arose from relatively large grains as part of
surplus star-forming materials. However, Rivinius et al. [5] asserted that dust had never
been found in the envelopes of Be stars and that it was precisely the presence of dust that
made it possible to distinguish a CBe from a HAeBe. As a consequence, stars with large
color excesses are likely misclassified and would not be CBe.

6. Conclusions

This work discussed the properties of different color—color diagrams and equivalent
Johnson’s reddening-free Q parameters built using a combination of the Gaia and 2MASS
photometry. Although the Q values were free from the ISM reddening effect, they still
showed a dependence on the reddening law in the sky region. Nevertheless, using ap-
propriate combinations of color indices, it was possible to minimize this effect among the
O, B, and A stars. Furthermore, by analyzing the different diagrams, we were able to
establish criteria to identify stars of spectral type B (Equations (8), (10) and (11)), as well as
to identify early-type stars with emission lines of different nature. Main selection criteria
are summarize in Table 3.

Table 3. Summary of classification criteria for normal B-type stars, LBVs, and B[e]SGs.

Normal B-Type Stars
QTegD -01< Q]KRp] < 0.05

~0.07 < Quppry < 0.08
—0.11 < Qypk < 0.04

QCD —0.11 < QBp]RpK < 020N —-0.20 < (J—Ks) < 0.14
—0.60 < QBpRpHK < 0.50 A —0.30 < (Bp — Rp) < 0.40
QQD —1.8 < Qjuk < 0.01A-0.12 < QBpRpK<O‘18
—0.6 < QBPRVHK < 0.7AN=0.05 < QRp]K < 0.24
LBVs
QCD QBpRpHK > —4.5
Q]HK > —0.55
Qppak > =7
QRp]K > —1.7
QQD —48 < QBpK]K < —=0.25N—=0.55 < Q]HK <011
QRp]HK > 24
BlelSGs
QCD Quk < —1.11
QBp]HK < —4.33 (Bp — KS) —0.57
QQD Qyuk < 0.1 QBpK]K —0.35

QRp]HK <048 QBPK]K —14

In addition to the well-known (] — H) vs. (H — Ks) color—color diagram, which
is an excellent dust tracer of circumstellar envelopes, we also found that the (Bp — Rp)
vs. (H — Ks) diagram could be used to identify emission-line B-type stars corrected by
interstellar reddening, but with strong intrinsic IR emission. Particularly interesting were
the (Rp — Ks) vs. (Bp — Rp) and (] — Ks) vs. (Bp — Ks) diagrams, as they might be
helpful to search for CBe stars with large infrared excesses, because the normal B-type stars
distribute along a narrow and well-defined band.
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The main advantage of the QCDs over the color—color ones was that the B-type stars
did not mix with the M-type stars, as shown, particularly in the Qp,rpHK Vs. (Bp — Rp),
and Qppjrk vs. (Bp — Ks) diagrams. Moreover, early-type stars that have anomalous
reddening, due to the presence of circumstellar envelopes, can be easily recognized. This is
because the effect of interstellar extinction causes stars of the same spectral types to shift to
the right of the diagram. At the same time, the presence of the circumstellar envelope makes
the Q value more negative (when using an IR color index). We suggest using different
selection criteria, such as those that arise from the Qjxyx vs. (H — Ks) and QBpJHK VS.
(Bp — Ks) diagrams, to search for, and classify, B-type stars with emission lines. These
diagrams also allow the LBV stars to be well-recognized from HAeBes and B[e]SGs. In
addition, the region of the HAeBe stars can be separated from that of the B[e]SG stars by
a straight line. However, there was still significant contamination between HAeBes and
LBVs, that it would be desirable to get rid of when making source selections.

As was already stressed, QQDs are free from interstellar extinction, although they
are sensitive to anomalous reddening. However, the presence of a circumstellar envelope
produces a shift of the Q-values in a direction almost perpendicular to the effect of the
anomalous reddening. Then, the QQDs are powerful tools to identify stars with intrinsic
IR emission.

Using the Q parameters allowed us to recognize two classes of CBe stars. One group
resembled the normal B-type stars with small near-IR excess, and the other group had a
few objects showing moderate to large IR excess. This second group might show dusty
envelopes formed as a result of the evolution and would not be CBe stars. We also detected
three kinds of HAeBe stars. The first group had small IR radiation excess. Stars in this
group shared properties with CBe stars and LBVs. A second group showed a moderate
contribution from dust, and a third group showed a significant IR excess comparable with
the properties of B[e]SGs. All these groups need further study to understand their dust
grain properties and formation processes.

Thus, based on the location of the stars in different CCDs, QCDs, and QQDs, we
were able to state various selection criteria that allowed separating, as much as possible,
the diverse groups of B-type stars with a moderate and large IR excess (e.g., CBes, HAeBes,
LBVs, and B[e]SGs). Both the diagrams and stated criteria can be very useful tools for
automated designs of machine learning and optimal search algorithms.
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Abbreviations

The following abbreviations are used in this manuscript:

CE Circumstellar envelope

IR infrared

HAeBe  Herbig Ae/Be star

PMS Pre-main sequence star

CBe Classical Be star

BSG B supergiant star

LBV Luminous Blue Variable star

Ble]SG B[e] supergiant star
unclBle] unclassified B[e] star

NIR near infrared

CCD Color-color diagram

YSO Young Stellar Object

Gaia Global Astrometric Interferometer for Astrophysics mission

2MASS  Two Micron All Sky Survey
QQD Q-Q diagrams

EDR3 Early Data Release 3

QCD Q-color index diagram

ISM Interstellar medium

Tett Effective temperature

Topcat Tool for OPerations on Catalogues And Tables
MS Main sequence

Notes

1

E(m1 — mz) _ Am1 — Amz _ le — Rmz _ Ymy — Vmy
E(M3 — m4) Am3 — Am1 Rm3 — Rm4 Tms — Vmy
coefficients referring to the color excess E(B — V), Ry, = A, /E(B — V), and to the extinction Ay, 1y, = A, / Ay, respectively.

The color-excess ratio is

where R;;, and 7, are the relative absorption

http:/ /www.starlink.ac.uk/topcat/. The last accessed date is 2 January 2023.
https:/ /extinction.readthedocs.io/en/latest/. The last accessed date was 2 January 2023.

4 Version 2019.3.22, in http:/ /www.pas.rochester.edu/ emamajek/EEM_dwarf_UBVIJHK_colors_Teff.txt. The last accessed date
was 2 January 2023.
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