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Abstract. B[e] supergiants are a phase in the evolution of some massive stars
for which we have observational evidence but no predictions by any stellar evolution
model. The mass-loss during this phase creates a complex circumstellar environment
with atomic, molecular, and dust regions usually found in rings or disk-like structures.
However, the detailed structure and the formation of the circumstellar environment are
not well-understood, requiring further investigation. To address that we initiated an ob-
serving campaign to obtain a homogeneous set of high-resolution spectra in both the
optical and NIR (using MPG-ESO/FEROS, GEMINI/Phoenix and VLT/CRIRES, re-
spectively). We monitor a number of Galactic B[e] supergiants, for which we examined
the [O 1] and [Ca 1] emission lines and the bandheads of the CO and SiO molecules
to probe the structure and the kinematics of their formation regions. We find that the
emission from each tracer forms either in a single or multiple equatorial rings.

1. Introduction

One of the main groups of objects that exhibit the B[e] phenomenon are B[e] super-
giants, B[e]SGs, (Lamers et al. 1998), which experience a strong aspherical mass loss.
This results in a complex circumstellar environment that combines atomic, molecular,
and dust regions. The traditional picture assumes a continuous outflowing disk, starting
very close to the star, where the forming regions of permitted and forbidden lines of
neutral and ionized elements reside and the dust regions form further outside (Zickgraf
et al. 1985). However, this picture has changed significantly by observations over the
last decade, as detached Keplerian rotating disks or rings of circumstellar material have
been identified (e.g., Millour et al. 2011; Aret et al. 2012; Cidale et al. 2012; Wheel-
wright et al. 2012b; Oksala et al. 2013; Kraus et al. 2016).

Nevertheless, these works focus on individual stars often observed with different
instruments. Driven by the lack of a systematic survey performed with a homogeneous
approach, we initiated a campaign to study the circumstellar environments of a large
number of Galactic B[e]SGs, using high-resolution optical and NIR spectroscopy. The
current contribution summarizes our findings regarding 6 selected Galactic B[e]SGs.
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2. Observations and Data Reduction

We obtained optical spectra using the FEROS spectrograph attached to the 1.52 m tele-
scope in 1999 and to the 2.2 m telescope at ESO (La Silla, Chile) later on. FEROS is
a high-resolution échelle spectrograph with fibers, covering a wide wavelength range
3600-9200 A at a spectral resolving power of R = 55000 (near 6000 A). The ob-
servations were reduced with the FEROS automatic pipeline. Telluric correction was
applied with IRAF using a standard star observed on the same night, and whenever
this was not possible we used telluric templates from other nights. For the NIR spectra
we used the Phoenix spectrograph attached to the 8 m Gemini South telescope (Cerro
Pachon, Chile) and the CRIRES instrument attached to the 8.2 m UT1/VLT ESO tele-
scope (Cerro Paranal, Chile). Phoenix is a cryogenic, long-slit spectrograph covering
a wavelength range of 1-5 um at R = 50000 — 80000. CRIRES is a similar instrument
covering the 0.95-5 um range at R = 50000 — 100000. During observations a standard
nodding strategy was followed to remove the sky emission, and spectra from standard
telluric stars were obtained each night. The data reduction and telluric correction were
performed using IRAF.
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Figure 1. An example of the model fitting process for CPD—-52°9243: (a) Start-
ing with the first CO bandhead emission feature (data and model shown as black
and gray line, respectively) we determine the rotational velocity of CO ring at 33.5
kms~! (after Cidale et al. 2012), (b) Assuming the same rotational velocity with
CO, i.e., the same emitting region, for the [Call] 17292 line, we see that the broad-
ening is not enough to fit the observed profile (data shown as black dots, and the
model as solid black line, with a rotational velocity of Vrot = 33.5 £ 2km s~! and
a Gaussian component of Vg = 8 + 1kms™' ). (c) If we use two rings (dashed
lines at Vrot; = 36 = 1kms™!' and Vg =9+ 1kms™, Vrot = 52 + 1kms™!
and Vg, = 9 + 1kms™") then their total profile matches the observed one. Thus,
we conclude that [Ca 1] forms in two separate regions with a typical ring-width of
~ 5kms~! each.
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Figure 2. Summary of identified rotational velocities by fitting the optical [O 1]
26300 A and the [Ca 1] 27293 A emission line profiles with narrow rings of ma-
terial, which are shown as simple sketches (not to scale) according to the physi-
cal parameters of each system. A typical ring-width (in kms™') for each system is
given as a distance indicator over a ring. Rotational velocities with a * sign indicate
line-of-sight velocities due to unknown/uncertain inclination angles. References:
"Marchiano et al. (in prep.), 2Kraus et al. (2015), *Machado & de Aratjo (2003),
“Cidale et al. (2012), >Swings (1981), ®Millour et al. (2011), "Muratore et al. (2012),
8 Aret et al. (2016), *Oksala et al. (2013), 'Muratore et al. (2015), "'"Mehner et al.
(2016), "*Domiciano de Souza et al. (2011).
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3. Model Fitting

With high-resolution spectra we are able to resolve and study the kinematics of selected
emission features, which probe different regions in the disk. In the NIR spectra we
can detect the CO bands in emission, which originate from the hot inner edge of the
molecular disk (e.g., Kraus 2009; Liermann et al. 2010; Cidale et al. 2012; Oksala
et al. 2013; Muratore et al. 2015). At NIR, emission from SiO molecules can be also
detected, in regions close to CO but at slightly lower temperatures (Ts;o < Tco <~
5000 K, Kraus et al. 2015). In the optical spectra the set of optically-thin emission
lines displaying broadening are the [OI] /155707 A line and the doublets of [O 1] at
116300, 6363 A and [Ca m] at A17291,7323 A (thereafter, the atomic gas). Earlier
investigations have shown that in a Keplerian disk the [Ca u] and the [O 1] 45577 A
lines form closer to the star and the [O 1] doublet forms further out (Kraus et al. 2010;
Aret et al. 2012).

Assuming a purely kinematical approach, the broadening of the aforementioned
features can be modeled by a narrow rotating ring of gas. This velocity (de-projected,
whenever the inclination angle is known) is convolved with a Gaussian component
which is a combination of the instrument’s spectral resolution (~ 5.5 — 6.5kms™! for
FEROS), a typical thermal velocity (~ 1 — 2kms~! for the optical lines), and some
random internal motion of the gas (a few km s7!). In many cases this random motion
may be larger, which we interpret as typical ring-width.

Our approach in determining the rotational velocities is based on the following
strategy: (i) as CO emission features are a direct evidence of gas presence, we first
determine the rotational velocity for the CO ring, (ii) assuming that the optical emission
lines originate from the same region as that of CO (in a homogeneous disk) we use the
same velocity derived from CO, and we check if it results in sufficient broadening, (iii)
if the observed profile is not matched then we need either to change this value or add
more rings in our model. A more detailed example of this procedure regarding the
emission features of CPD—-52°9243 is presented in Fig. 1.

4. Results

We summarize our results in Fig. 2, where we also "visualize" the structures according
to the physical parameters for each object. We note that the [O 1] 45577 A line was not
detected in any object, and we refer to the [O 1] 16300 A line only.

For HD 327083 (RA=17:15:15.4, Dec=—-40:20:06.7; hereafter J2000) we identify
three rings. In the ring closest to the star (i.e., with the higher velocities at ~ 86 —
84 kms~!) we find both molecular CO and atomic [O 1] and [Ca 1] gas. Further outside
we find a ring of SiO (at 78 km s™1) and another one of atomic gas ([O 1] and [Ca 1],
at ~ 68 — 64kms~!). Due to the typical ring-width, the CO and SiO rings could form
in a common region. HD 327083 is a binary system (Wheelwright et al. 2012a) that is
located inside the CO ring, which means that the whole structure is circumbinary.

Using IR spectroscopy and interferometry Cidale et al. (2012) found that CO emis-
sion in CPD-52°9243 (RA=16:07:01.9, Dec=—-53:03:45.7) originates from a detached
disk/ring, rotating at 36 kms~!. By fitting our optical data we find two distinct rings at
53 and 36 kms~!, respectively. The innermost ring consists of atomic gas only ([O 1]
and [Ca m]), while the outer ring is a mix of all tracers ([O 1], [Ca 1], CO, and SiO).
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Similarly, IR interferometric observations on HD 62623 (3 Pup, RA=07:43:48.5,
Dec=-28:57:17.3) revealed the presence of a detached hot ionized disk close to the star
and a dusty disk further outside (Millour et al. 2011). Our results show the presence of
two major emitting regions at 76 and ~ 53 — 50 kms~! (since the value of 48 kms~! for
SiO is very close due to the typical ring-width, so not clearly separated). The inner ring
consists only of atomic gas ([OI],[Call]), while the outer one consists of both atomic
and molecular gas ([O 1], [Ca u], CO,and SiO). Given the new mass estimate by Aret
et al. (2016), this picture is consistent with the interferometric results.

For Hen3-298 (RA=09:36:44.4, Dec=-53:28:00.0) we find two emitting regions
at 22 and 19 kms~! (line-of-sights velocities due to unknown inclination angle). [Ca
1] is found closer to the star than [O 1] and CO which coexist only slightly further out.
However, due to the large ring-width these two regions may not be different.

MWC 137 (RA=06:18:45.5, Dec=+15:16:52.3) has a very complex circumstellar
environment. It is surrounded by an optical nebula Sh 2-266 with many IR structures
(see Kraus et al., this volume), and a jet (Mehner et al. 2016). A detached CO emitting
ring has been detected at 84 kms~!. From our optical spectra we find no atomic gas in
the CO ring or closer to the star. On the contrary, we find a sequence of four distinct
rings of [O1at 70,47, 31, 20 km s~ (line-of-sight velocities due to uncertain inclination
angle). Moreover no emission from [Ca 11] is present.

CPD-57°2874 (RA=10:15:21.9, Dec=-57:51:42.7) needs a larger number of
rings to better fit its optical emission lines. We use 5 different rings with rotational
velocities spanning the range 130-26 kms~'. No gas is present closer to the star than
the CO ring, which has been found to be detached (Domiciano de Souza et al. 2011).
Our results show a sequence of multiple detached rings, which could indicate also a
disk structure. We identify only [Ca 1] coexisting with CO, while SiO seems to form in
a separate ring. Further out from these two molecular regions we find rings of atomic
gas combining both [Ca ] and [O 1] except for the outermost ring, where only [O 1] is
found.

5. Discussion and Conclusions

By inspecting the structures finally derived we notice two cases with respect to the in-
nermost ring. In HD 327083, MWC 137, and CPD—-57°2874 the CO ring is the inner-
most ring, i.e., there is no indication of atomic gas (at least under the proper conditions
to produce detectable emission lines) further inside that ring. On the contrary, there are
regions of atomic gas further outside. On the other hand, in HD 62623, CPD—-52°9243,
and Hen 3-298 there is atomic gas closer to the star than the CO ring. It can be also
found further out or even coexisting with molecular gas. These structures seem to be
more consistent with a picture of a radial outward decrease of the density and tempera-
ture.

Binarity could be responsible for “clearing” the atomic gas and formation of the
CO ring as the first region is closer to the system. This is true for HD 327083 where
CO has been found to be circumbinary, but HD 62623 contradicts this paradigm. It is
also a binary system where atomic gas is present inside the CO ring. Unless more data
is gathered on binarity among the B[e]SGes, its role will remain elusive.

Even though we cannot derive a common picture for the exact structure of the
circumstellar environment around these B[e]SGs, as each one of them has its own char-
acter, we do see that they consist of a sequence of multiple rings. This should be the
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result of a common formation mechanism, such as mass loss triggered by non-radial
pulsations and/or other instabilities or even the presence of objects that can clear their
paths and stabilize these ring structures similar to shepherd moons (Kraus et al. 2016).
There are still open and puzzling questions even after 40 years of studies.
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