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ABSTRACT

Context. In the group of B stars with spectroscopic peculiarities, we can find the Be and the B[e] stars. The Be stars are early-type
rapid rotators that present, as their principal characteristic, emission lines of hydrogen and singly ionized metals due to the presence of
a gaseous envelope. The Ble] stars present in their spectra heterogeneous features that reveal the presence of regions with very different
properties in a gaseous and dusty envelope.

Aims. Our goal is to study the evolution of the disks around peculiar B stars through the variability of their physical properties and
dynamical structure, as well as to set constraints on different models and disk forming mechanisms.

Methods. Throughout the last decade, we have carried out temporal monitoring of a sample of objects in the near infrared using
spectroscopic facilities at the Gemini and Las Campanas Observatories. In the present work, we focus on the classical Be star 12 Vul,
for which also optical spectra have been collected quasi-simultaneously.

Results. We observed variability in the hydrogen line profiles of 12 Vul, attributed to dissipating and building-up processes of the
circumstellar envelope. Also, we found that this Be star presented the '2CO band heads in emission in one observation. The emission
of this molecule has not been previously reported in a Be star, while it is a common feature among B[e] stars. We obtained parameters

to describe the '>CO emitting region and propose different scenarios to explain this intriguing emission.
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1. Introduction

The stars with a B spectral type form a diverse group, with stars
in different subgroups that present spectroscopic peculiarities.
One of these groups are the Be stars, which are early-type rapid
rotators that present, as their principal characteristic, emission
lines of hydrogen and singly ionized metals. The origin of these
lines is attributed to the presence of a gaseous envelope. Accord-
ing to the observational evidence, the most accepted model for
the envelope is a viscous decretion disk in Keplerian rotation
(Rivinius et al. 2013).

Many of the Be stars present spectroscopic and photometric
variability on different timescales: long-term variations that are

*Based on observations obtained (1) at the Gemini Observatory,
which is operated by the Association of Universities for Research in
Astronomy, Inc., under a cooperative agreement with the NSF on behalf
of the Gemini partnership: the National Science Foundation (United
States), the National Research Council (Canada), CONICYT (Chile),
the Australian Research Council (Australia), Ministério da Ciéncia,
Tecnologia e Inovac¢do (Brazil) and Ministerio de Ciencia, Tecnologia
e Innovacién Productiva (Argentina), under programs: GN-2010B-Q-
02, GN-2016A-Q-96, GN-2017A-Q-84, and GN-2020B-Q-212, (2) at
the 6.5-m Magellan telescopes at Las Campanas Observatory, and (3)
at the Perek 2-m telescope at Ondfejov Observatory.
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linked to episodes of mass-ejection, leading to a decretion disk;
short-term variations that could be a reflection of stellar pulsa-
tions or rotational modulation; and V/R cyclic variations (vari-
ation of the violet to red peak ratio in double-peaked emission
line profiles) attributed to the precession of a global one-armed
oscillation in the disk (Okazaki 1991). In the near infrared (NIR)
spectral region, the presence of the disk is revealed through
a moderated flux excess and hydrogen recombination lines.
Particularly, K-band spectra of Be stars display numerous lines
of Pfund (Pf) series, together with lines of Brackett and Paschen
series, where the main transitions are Bry, Brd, and Paa. The
profiles of these lines are sensitive to the physical properties and
dynamical structure of their line-forming regions (Marlborough
et al. 1997; Cidale et al. 2000; Mennickent et al. 2009; Granada
et al. 2010; Cochetti 2019). In this context, NIR spectroscopy
of Be stars constitutes a valuable tool to study the origin and
evolution of the disk.

There are other peculiar groups of objects with some simi-
larities to Be stars. The B[e] stars present the typical emission
spectra that characterize the Be stars, together with forbidden
emission lines and a strong flux excess in the NIR and mid-IR
spectral regions because of the presence of a circumstellar enve-
lope of gas and dust. The BJ[e] star group includes the following
objects in different evolutionary stages (Lamers et al. 1998):
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B[e] supergiants (B[e]SG), pre-main-sequence objects (Herbig
Ble]), compact planetary nebulae (cPNB[e]), symbiotic Ble]
stars (SymBle]), or unclassified B[e] type stars (unclB[e]). The
heterogeneous spectral characteristics in this group of objects
reveal the presence of regions with very different properties in
the envelope: the region nearest to the star where the hydro-
gen emits, a region a little colder and further away from the
central star where the metal lines and molecules would form,
and an outermost cold region where the dust would be located
(Swings 1973). The dust becomes evident because of the strong
IR excess, and the molecules could be observed mainly because
of the emission of the CO molecule (Kraus 2009; Oksala et al.
2012; Liermann et al. 2014; Ilee et al. 2014).

In this work, we report the first 2CO band emission ever seen
in a classical Be star: 12 Vul. Parameters of the '>CO emitting
region were obtained by modeling the spectrum. We discuss the
evolution of the envelope of 12 Vul in the last years and propose
different scenarios that could explain the presence of this ?CO
emission.

2.12 Vul

12 Vul (HD 187811) is a Be star of spectral type B2.5 V and
a member of the Local Association or Pleiades moving group
(Eggen 1975; Hoffleit & Jaschek 1991). It has been cataloged as
a double-line spectroscopic binary by Chini et al. (2012), with
a 3.7 day period (Eggen 1975). However, other authors have
reported no evidence of the presence of a companion (Wang
et al. 2018; Horch et al. 2020). Based on HIPPARCOS photome-
try, Hubert et al. (2000) reported that 12 Vul showed short-lived
(100-200 days) outbursts, while Lefevre et al. (2009) described
the photometric variability observed as unsolved.

Lenorzer et al. (2002) proposed that the diagram
log(Huy4/Bra) versus log(Hu4/Pfy), based on the intensity of
hydrogen emission lines observed in the L-band, is a powerful
tool to constrain the density and spatial distribution of circum-
stellar gas around hot stars. In this diagram, LBVs, B[e], and
Be stars fall in different regions according to the optical depth
of the circumstellar envelope. On the other hand, Mennickent
et al. (2009) proposed a three-group classification for Be stars,
based on the relative intensity of hydrogen emission lines
observed in the NIR L-band. In plotting stars from different
groups in the Lenorzer’s diagram, they found that the groups’
membership is related to the optical depth of the circumstellar
envelope. Stars with similar emission intensities of their Bre,
Pfy, and Humphreys lines belong to Group I (close to the
optically thick envelopes in the Lenorzer’s diagram), those with
Bra and Pfy emissions more intense than Humphreys lines
form Group II (distributed in a region of moderate or small
optical depth), while Group III includes those where no line
emission is detected (related to stars that have lost most of their
envelopes).

The intensity of 12 Vul’s hydrogen emission lines observed
in the NIR has been followed during the last decades.
Mennickent et al. (2009) found that the intensity of Humphreys
lines decreased from 1998 to 2003, and the star changed between
Group I and II of their classification. At the same time, the posi-
tion of 12 Vul in the Lenorzer’s diagram also changed. These
results indicated that the optical depth of the envelope was
changing between the different observations.

The He line profile is also variable. The Group II clas-
sification in 2003 coincides with a decrease in the He line
profile intensity. At that time, this line was transitioning from the
double-peaked profile in emission observed in 2001, to the weak
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Table 1. NIR observing log for 12 Vul.

Obs. date Observatory  Spectrograph
2010-09-15  Gemini North ~ GNIRS-LS
2016-06-25  Gemini North ~ GNIRS-XD
2017-06-04 Las Campanas FIRE
2017-07-08  Gemini North ~ GNIRS-XD
2020-09-06  Gemini North ~ GNIRS-LS

emission overimposed on the photospheric absorption observed
in 2004. Between 2005 and 2009, the Ha line profile remained
in emission with a double-peaked line profile, with small inten-
sity variations. After that, the intensity started to decrease, and
in 2014 the line presented an absorption profile without emis-
sion features. This variability in the Ha profile was reported
by Sabogal et al. (2017), who propose that 12 Vul might have
passed through dissipating and building-up processes of the
circumstellar envelope.

3. Observations

Our work-group has been carrying out temporal monitoring of
a sample of Be stars for more than a decade, with the aim of
studying the origin and evolution of the disk as well as setting
constraints on different models and disk forming mechanisms
(Granada et al. 2010; Cochetti 2019). As part of this monitoring,
we have observed the star 12 Vul in the NIR spectral range. We
present the observing dates in Table 1.

We obtained NIR spectra from Gemini Observatory using
GNIRS in 2010, 2016, 2017, and 2020. In 2010, we used the long-
slit mode (LS) with the 32 I/mm disperser, a 0.3 arcsec slit, and
the following cameras: (a) the short blue camera to observe the
H- and K-bands; and (b) the short red camera to observe the
L-band. In 2016 and 2017, we used (a) the short blue cam-
era with a 0.3 arcsec slit and the 32 I/mm disperser in cross
dispersion mode (XD) to observe the J-, H-, and K-bands simul-
taneously and (b) the long red camera with a 0.1 arcsec slit and
the 10 I/mm disperser to observe the L-band. All of these con-
figurations provide a spectral resolution of R ~ 1800. In 2020, we
used the 110.5 I/mm disperser and the long blue camera with a
0.10 arcsec slit to obtain a resolution of R ~ 18 000 in the range of
2.29-2.4 ym. During all observations, several ABBA sequences
were taken, and a late-B or early-A type star was observed close
enough in time and sky position to perform the telluric absorp-
tion correction. Flats and arcs were taken with every observation.
The data reduction steps included the subtraction of the AB
pairs, flat-fielding, telluric correction, and wavelength calibra-
tion. The reduction process was carried out with the IRAF!
software package.

We also obtained another NIR spectrum from Las Campanas
Observatory in 2017. The observation was performed using
the Baade Telescope with the Folded port InfraRed Echellette
(FIRE). The configuration used allowed us to obtain the spec-
trum in the range of 0.8—2.5 um in one exposure, with R ~ 6000.
Together with the target spectrum, we obtained flats, arcs, and a
spectrum of a standard star to correct for telluric absorption. The

I IRAF is distributed by the National Optical Astronomy Observatory,
which is operated by the Association of Universities for Research in
Astronomy (AURA) under cooperative agreement with the National
Science Foundation.
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Table 2. Optical observing dates for 12 Vul.

Obs. date Observatory
2010-07-05 Ondfejov
2011-09-08 BeSS*
2012-10-11 Ondfejov
2013-05-05 BeSS*
2014-07-24 BeSS*
2015-07-16 Ondfejov
2016-07-10 BeSS*
2017-07-28 BeSS*
2018-07-28 BeSS*
2019-09-03 BeSS*
2020-05-18 Ondfejov

Notes. For details on the instruments and observers see http://
basebe.obspm. fr/basebe/.

reduction was made using the pipeline” provided by the observa-
tory, except for the redder order where the wavelength calibration
was not good because of the small number of lines in the Th-Ar
calibration lamp. In this order, we reduced the spectrum again
using the IRAF software package to perform the wavelength
calibration using the telluric lines.

As complementary data, we obtained spectra in the optical
range, around the Ha line profile (see Table 2). Four spectra were
obtained using the Coudé spectrograph (Slechta & Skoda 2002)
attached to the Perek 2-m telescope at the Ondfejov Observa-
tory. Those from 2010 and 2012 were taken with the 830.77 I/mm
grating and a SITe 2030 x 800 CCD, and the others were taken
with a PyLoN 2048 x 512 BX CCD. With both CCDs, the spec-
tra covered a range of about 6250-6750 A with a resolution of
R =~ 13000 in He. For wavelength calibration, a comparison
spectrum of a ThAr lamp, was taken immediately after each
exposure. Data reduction was performed using standard IRAF
tasks. For the aim to show one spectrum per year covering the
time interval for the NIR observations (2010-2020), we com-
pleted our data using spectra available in the BeSS database
(Neiner et al. 2011).

4. Results
4.1. Hydrogen line profiles

Figure 1 depicts one Ha line profile of 12 Vul per year between
2010 and 2020. From 2010 to 2013, Ha was in emission. In the
period from 2014 to 2019, the profile only showed photospheric
absorption. The line profile was observed again in emission in
our 2020 spectrum, but toward the end of the year the emission
wings dissipated, according to BeSS spectra.

In Fig. 2 we show all NIR spectra of 12 Vul obtained in differ-
ent epochs. In 2010, the line profiles of the Humphreys (L-band)
and Pfund (K- and L-bands) series were observed in emission
over the continuum level, while those of the Brackett series
(H-band) were composite with a narrow emission overimposed
on the broad photospheric absorption. In 2016 and 2017, hydro-
gen line profiles only showed weak emission over some pho-
tospheric profiles (see, for example, PaS line profile in the
J-band).The spectrum taken in 2020 did not present evidence
of hydrogen emission.

2 The pipeline software is written in IDL and builds on several external
packages, including the SDSS idlutils, idlspec2d, Jason Prochaska’s xidl
package, and Mike Cushing’s Spextool.
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Fig. 1. Optical spectra of 12 Vul around the Ha line region. The Ha line
profile was in emission between 2010 and 2013. Between 2014 and 2019,
there was no evidence of emission overimposed to the photospheric
absorption. In 2020, the line profile was again in emission.

4.2. CO molecular emission

Surprisingly, the first 2017 spectrum (indicated as 2017g) pre-
sented emission of '2CO. The '2CO band heads are pointed at
with blue tics in Fig. 2. No clear evidence of CO molecular emis-
sion was found in the spectrum taken one month later. However,
the low resolution and bad signal-to-noise ratio (S/N) of this
spectrum could hinder CO detection.

The presence of '>CO molecular band emission in Be stars
has not been previously reported. To reproduce the emission, we
used the model proposed by Kraus et al. (2000). This model
assumes that the CO emission comes from a rotating ring or
disk, with the CO in local thermodynamic equilibrium. The
appearance of the band heads results from the superposition of
ro-vibrational transitions, where each profile is double-peaked
because of the rotational velocity. In addition to the rotational
velocity, this model allows one to constrain the temperature and
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Fig. 2. NIR spectra of 12 Vul in the J- (upper-left panel), H- (upper-right panel), K- (lower-left panel), and L-bands (lower-right panel). All the
spectra were taken with GNIRS, except the one obtained with FIRE, which is pointed to with an F in the observing year. Spectra were normalized
and vertically shifted for a better visualization. Positions of the hydrogen lines are marked in the top of each panel, and spectral ranges with telluric

remnants are pointed out with the symbol ®. The '2CO band heads in emission in the K-band are indicated with blue tics.

column density from the strength of the higher band head and
the level of the quasi-continuum between them.

Our fitting to the '>CO band spectrum is over-plotted to the
stellar spectrum in Fig. 3. This best fitting has been achieved
for a narrow rotating ring of molecular gas with the follow-
ing gas parameters: Vi, (projected to the line of sight) = 42.5 +
2.5kms™!, Teo = 3250 £ 250 K, Nco = (7.5 £2.5) x 10%° cm—2
(column density), and Vi, = 1.5 km s~! (some intrinsic turbu-
lent velocity on top of the thermal velocity of the CO gas). The
synthetic spectrum was convolved to the spectral resolution.

There are a few peaks leftover in the spectrum, which could
be real or artifacts. However, it is interesting to note that those
at 2.3448, 2.3739, and 2.4037 um coincide with the positions
of 3CO. For modeling and to be sure that '3CO is present,
we would need to obtain a better quality spectrum with CO
emission.

5. Discussion
5.1. Evolution of the envelope

According to the classification criteria from Mennickent et al.
(2009), 12 Vul belonged to Group I in 2010, and to Group III
in 2017. This means that since the observation in 2003
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(Mennickent et al. 2009), the intensity of the Humphreys lines
increased and in 2010, the star returned to Group I and changed
position in the Lenorzer’s diagram again. This is in good agree-
ment with the Ha behavior since the Group I classification took
place when this line had remained in emission for a few years.
After that, the emission in all hydrogen features decreased and
stayed undetectable for years until the 2020 Ha observation.

In the same way that Sabogal et al. (2017) attribute the vari-
ability of the Ha emission and the position of 12 Vul in the
Lenorzer’s diagram with dissipating and building-up processes
of the circumstellar envelope, we could explain the variability in
the profile of hydrogen lines observed in the last years with an
episode of mass ejection before 2010 and with an envelope in a
dissipation process in the following years. The weak emission in
the Her line profile observed in 2020, which faded toward the end
of the year, could provide evidence of stellar activity prior to a
new disk building-up process.

5.2. Proposed scenarios

The sudden appearance of CO emission has been reported in the
classical B[e] supergiant LHA 115-S 65 (Oksala et al. 2012) and
in some cataclismic variables (Howell et al. 2008). Though dif-
ferent in nature, both astrophysical objects hold a hot star with
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Fig. 3. Portion of the K-band spectrum of 12 Vul with >CO emission (black). The synthetic spectrum is plotted in red. Blue and green tics point

out the position of the '>CO and '*CO band heads, respectively.

a circumstellar gaseous envelope (accretion or deccretion) that
is cool enough at its outskirts to allow the formation or perma-
nence of an extended dusty disk, which could be observed under
particular conditions.

The presence of '2CO molecular band emission had not been
previously reported in classical Be stars. For the density and tem-
perature of the CO gas around 12 Vul, we found similar values
as in various BJe] stars (Kraus et al. 2016; Liermann et al. 2010;
Kourniotis et al. 2018; Torres et al. 2018). Moreover, the lack of
CO gas with a temperature close to the CO dissociation value
(5000 K) indicates that the molecular gas is detached from the
central object (Liermann et al. 2010). While for the model cal-
culation, we assumed that the CO gas is rotating, the observed
double-peaked profiles of the individual CO lines might also be
interpreted as an equatorial outflow with a constant velocity as
in an expanding ring of ejected material.

We propose different scenarios to explain the '>CO molec-
ular band emission observed in this Be star. One possibility is
that the dissipating disk of 12 Vul had reached either material
previously expelled by the star during an outburst event, or even
the interstellar, maternal CO cloud. The interaction, most likely
accompanied by the compression and heating of the cool sur-
rounding material, might provide suitable conditions in density
and temperature. Alternatively, the formation of the disk struc-
ture around 12 Vul could be caused by the interaction with an
evolved cool companion and the binary system might evolve
toward a configuration similar to that seen in some B[e] bina-
ries. If true, 12 Vul could be in a transition stage between a Be
and a B[e] star.

To add evidence that could help to distinguish between the
different possibilities, it would be interesting to follow up on
this star with different techniques. For instance, radio observa-
tions could allow us to detect cold CO surrounding the star,
which can be warmed by the dissipating disk, thus supporting
the hypothesis of our first scenario.

On the other hand, NIR observations would enable one to
constrain the evolutionary stage of the star and support our sec-
ond scenario. The '*C abundance on the stellar surface strongly
increases during the main and post-main sequence evolution of
massive stars, especially for rapidly rotating stars such as Be

stars, and it changes the abundance in the wind due to the mass
loss. A clear detection of '3C in the spectrum of 12 Vul would
favor the hypothesis of a previously expelled material (Kraus
2009).

Finally, finding evidence for the presence of a companion, for
instance from speckle interferometry, it would help to character-
ize this object. This might be useful to understand its mass-loss
phases and, therefore, the origin of the 12CO emission from this
peculiar Be star.

6. Conclusions

We performed temporal spectral monitoring of the star 12 Vul
between 2010 and 2020. In addition to the variability observed in
the hydrogen line profiles, attributed to dissipating and building-
up processes of the circumstellar envelope, we found CO band
head emission in the K-band. We highlight that this surprising
detection is reported for a classical Be star for the first time.

A reasonable fitting to the observed '2CO band emission was
achieved with a narrow ring of gas either revolving around or
expanding from the star with a velocity, projected to the line of
sight, of 42.5 + 2.5kms™'. Such a ring of molecular gas might
result from the interaction of the dissipating disk with material
from either a previous ejection or from the natal molecular cloud.
Alternative scenarios related to close binary interactions also
need to be explored to understand the origin of CO emissions
and to discover possible links with the B[e] stars.

The discovery of hot CO gas in a classical Be star motivates
us to undertake intensive spectroscopic follow up observations
of 12 Vul in different wavelengths to gain a deeper insight into
the envelopes of this object. In addition, it would be interesting
to explore if this phenomenon is present in other Be stars.
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