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ABSTRACT

Context. Medium-resolution échelle spectra of the Red Square Nebula surrounding the star MWC 922 are presented. The spectra have
been obtained in 2010 and 2012 using the X-shooter spectrograph mounted on the Very Large Telescope (VLT) in Paranal, Chile. The
spectrum covers a wavelength range between 300 nm—2.5 um and shows that the nebula is rich in emission lines.

Aims. We aim to identify the emission lines and use them as a tool to determine the physical and chemical characteristics of the
nebula. The emission lines are also used to put constraints on the structure of the nebula and on the nature of the central stars.
Methods. We analyzed and identified emission lines that indicated that the Red Square Nebula consists of a low density bipolar
outflow, eminent in the broad emission component seen in [Fe 1], as well as in P Cygni line profiles indicative of fast outflowing
material. The narrow component in the [FelI] lines is most likely formed in the photosphere of a surrounding disk. Some of the
emission lines show a pronounced double peaked profile, such as CaIl, indicating an accretion disk in Keplerian rotation around the
central star. [O 1] emission lines are formed in the neutral atomic zone separating the ionized disk photosphere from the molecular gas
in the interior of the disk, which is prominent in molecular CO emission in the near-IR. [N 11] and [S 1T] emission clearly originates in
a low density but fairly hot (7 000—10 000 K) nebular environment. HI recombination lines trace the extended nebula as well as the
photosphere of the disk.

Results. These findings put constraints on the evolution of the central objects in MWC 922. The Red Square shows strong similarities
to the Red Rectangle Nebula, both in morphology and in its mid-IR spectroscopic characteristics. As for the Red Rectangle, the
observed morphology of the nebula reflects mass-loss in a binary system. Specifically, we attribute the biconical morphology and the
associated rung-like structure to the action of intermittent jets blown by the accreting companion in a dense shell, which has been
created by the primary. We stress, though, that despite the morphological similarities, these two objects represent very different classes

of stellar objects.

Key words. astrochemistry — methods: observational — techniques: spectroscopic — stars: emission-line, Be —

circumstellar matter — ISM: abundances

1. Introduction

The source MWC 922 is a B[e] emission line star in the center
of the Red Square Nebula (IRAS 18184-1302). In Lamers et al.
(1998) Ble] stars were classified into different groups, whereas
MWC 922 remained in a group of unclassified B[e] stars. In
Miroshnichenko (2007) a new classification of so-called FS CMa
stars was introduced and MWC 922 was eventually classified
within the group of FS CMa stars, exhibiting many atomic and
ionic emission lines in the optical spectrum, as well as warm
dust emission and molecular gas in the near- and mid-IR. The
classification of many Bl[e] stars is uncertain, because of the
poorly understood distance and hence luminosity. The evolution-
ary status of the Red Square Nebula is also unclear and both, pre-
and post- main sequence status, have been suggested (The et al.
1994; Voors 1999).

* The data-reduced spectra are only available at the CDS via
anonymous ftp to cdsarc.u-strasbg. fr (130.79.128.5) or via
http://cdsarc.u-strasbg.fr/viz-bin/qcat?]/A+A/601/A69

Article published by EDP Sciences

MWC 922 has been studied spectroscopically before,
mainly in the mid to near IR (Andrillat & Swings 1976;
Rudy et al. 1992; Molster et al. 2002a,b,c; Peeters et al. 2002).
Molster et al. (2002a,b,c) and Peeters et al. (2002) used the Short
and Long Wavelengths Spectrographs on board of the Infrared
Space Observatory (ISO) in order to study the crystalline sili-
cates and PAHs (polycyclic aromatic hydrocarbons) in a sample
of evolved stars. Both emission features, crystalline silicates
and PAHSs, have been detected around MWC 922. In addi-
tion, the near-IR spectrum of MWC 922 reveals a plethora of
atomic emission lines. Rudy et al. (1992) remarked the excep-
tional strength of the [Fe II] lines in this object.

Photometrically, the object was studied using narrow band
He images by Marston & McCollum (2008), specifically look-
ing at extended shells in B[e] stars. The same study mentions
jet-like structures in MWC 922, extending from the south-east
to the north-west. This is consistent with a recent study by
Tuthill & Lloyd (2007), who resolved the nebula structure us-
ing the H-band filter between 1.487—1.783 um. In this study the
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morphology of the Red Square Nebula is compared to the Red
Rectangle Nebula, both of which exhibit bi-polar outflows show-
ing a so-called ladder-rung structure. The ladder-rungs have been
associated with episodic mass-loss events of the evolved post-
AGB star in the Red Rectangle Nebula.

The most recent study shows low-resolution spectra in the
UV, VIS and near-IR, using the DIS spectrograph (Dual Imaging
Spectrograph) in the UV/VIS, and the TripleSpec near-IR spec-
trograph mounted at the 3.5 m telescope at the Apache Point Ob-
servatory (Wehres et al. 2014). In addition to a rich emission line
spectrum in the near-IR, this study reveals a plethora of emission
lines also in the UV and VIS.

Here, we present a follow-up study that employs medium-
resolution échelle spectroscopy of the Red Square Nebula, us-
ing the X-shooter spectrograph, mounted on the VLT, Paranal,
Chile. In Sect. 2 we give details on the observations, followed by
Sect. 3 in which we present the full UV, VIS and near-IR spectra
and their analysis, including a linelist with the identified spectral
features. Section 4 compares the Red Square Nebula morpho-
logically and chemically to the Red Rectangle Nebula. In Sect. 5
we conclude with the implications on the evolution of the Red
Square Nebula.

2. Observations

Observations of the Red Square were obtained in summer 2010
and 2012 using the X-shooter spectrograph mounted on the Very
Large Telescope (VLT), at the European Southern Observatory
(ESO) in Paranal, Chile. The échelle spectrograph consists of
three spectrometric arms; the UVB, covering the wavelength
range between 300 and 550 nm; VIS, covering the wavelength
range between 550—1000 nm, and near-IR, covering the wave-
length range between 1000—2500 nm. We observed the object
with slit-dimensions of 11”7 x 0.5” (UVB) and 11”7 x 0.4” (VIS
and near-IR), which amounts to the maximum spectral resolu-
tion of R = AAA = 9900, 18200 and 10500 for the UVB, VIS and
near-IR arms, respectively.

Three different slit positions were used, depicted in Fig. 1.
First, the slit was oriented along the three major symmetry axes
of the nebula, with positions one and two along the walls of
the outflow cones in summer 2012 (see also labels in Fig. 1),
and one position in summer 2010, in which the slit was aligned
perpendicular to the circumstellar disk, along the central part
of the outflows. The parallactic angle of the Red Square Neb-
ula is PA =~ 46°, with an opening angle of the outflow cones
of ~106°. Hence, the position in 2010 is at PA = 46°, and
the positions along the wall of the outflow cones were detained
through VLT/NACO imaging of the Red Square Nebula which
showed the limb brightened walls of the ouflow (Lenzen et al.
2003; Rousset et al. 2003). This lead to position angles for the
2012 observations of PA = 6.5° for position 1, and PA = -97°
for position 2.

Data reduction has been done using the ESO-X-shooter
pipeline (version 2.2.0). For the 2010 observations, the UVB
and VIS were obtained in staring mode, whereas in the near-
IR the sky was subtracted by offsetting the telescope to a dark
position well outside the nebula. No telluric standard star was
observed in this period. For the 2012 observations, the sky was
subtracted using a dedicated offset for all three arms of the spec-
trograph. Flux calibration for the UVB arm was done using the
flux standard star GD153 taken in the beginning of the night with
a wide slit (5”) to minimize slit losses. For the VIS and near-
IR arms, we used the B9V star HD 134218 both as a telluric
and as a flux standard star. Telluric corrections in the VIS and
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Fig. 1. Three slit positions for the observations are shown. The slit is
oriented along the three symmetry axis of the Red Square Nebula, that
is along the outflow walls and perpendicular to the circumstellar disk.
North is up and east is to the left. (Credit: the H-band image was taken
by Tuthill & Lloyd 2007.)

Table 1. Observations used in this study.

Arm . Slit (") . A/ . PA(®) | texp (5)
2010
UVB 0.5x 11 | 9900 -46 2400
VIS 0.4x11 | 18000 | —46 2000
near-IR | 0.4 x 11 | 10500 | —46 2000
2012
UVB 0.5x 11 | 9900 6.5 1200
VIS 0.4x11 | 18000 | 6.5 1340
near-IR | 0.4 x 11 | 10500 6.5 600
UVB 0.5x 11 | 9900 -97 1200
VIS 04x11 | 18000 | -97 1340
near-IR | 0.4 x 11 | 10500 | -97 1200

near-IR were performed using Spextool (Cushing et al. 2004;
Vacca et al. 2003), using the well-known B and V magnitudes of
this star to put the flux level of the spectrum on an absolute scale.
In this case, a slit loss correction is not needed as the telluric star
was observed using the same slit settings as the science target.
For befter overview we provide Table 1 with the observational
details’.

3. Results and discussion

The full spectrum for slit position 2 (2012) is shown in Fig. 2. We
carefully checked the other two slit spectra (2010 and 2012, posi-
tion 1) for significant changes compared to the 2012 (position 2)

' The data-reduced spectra will be made publicly available through the
Strasbourg astronomical Data Center (CDS) website.
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Fig. 2. X-shooter spectrum, obtained in 2012, using slit position 2. The spectra are the sum of all pixels of the slit. The three panels reflect the
three spectrograph arms for the UVB (upper panel), VIS (middle panel) and near-IR (lower panel).

spectrum, that is changes in detected atomic species, strong fluc-
tuations in intensity and/or a change in the line profiles. This also
included a careful inspection of the individual pixel spectra for a
given slit spectrum. This will be described in more detail in the
following sections. Thus, whenever a specific emission line is
discussed in the text, we will show the different slit spectra, de-
composed to the individual pixel spectra for comparison, as this
is crucial for some of the conclusions that are drawn. These plots
also include a comparison spectrum that shows the residuals of
two individual pixel spectra. If not otherwise mentioned in the
text, the residuals will be from the spectrum taken in 2012 (posi-
tion 2) at offsets of roughly +0.6” (pixel 30) and —2.5"” (pixel 15)
distance from the central star. Here, the star is located at the cen-
ter of the slit. Dependent on the spectrum the center of the slit
is located between pixel position 30-35. Negative distances to
the central star thus belong to positions in the south-(east) of
the slit (pixel values e.g., <30), and positive distances belong to
distances in the north-(west) of the star (i.e., pixel values >30).
Figures A.1-A.3 show the full spectral range in more detail, as
well as a table with the identified emission lines (Table A.1). For
emission line identifications the NIST database (Kramida et al.
2013) and “The Atomic Linelist v.2.04” (van Hoof 2014) are
used. Diffuse interstellar absorption bands (DIBs) are also de-
tected in the spectrum (Hobbs et al. 2009; Geballe et al. 2011;
Cox et al. 2014).

Overall, the spectrum is characterized by strong permitted
and forbidden emission lines, where the majority of the lines is
due to atomic hydrogen and singly ionized Fe IT and [Fe 11] lines.
In the whole spectral range we found emission bands of only one
molecular species: CO.

In addition Table A.1 categorizes the spectral features into
(single peaked) emission line, double (peaked) emission line, ab-
sorption and P Cygni lines, as well as DIBs in the line of sight
towards the Red Square Nebula. For every line this labelling is
mentioned in Table A.1. Following this, we distinguish the fol-
lowing environments where the emission lines arise from:

1. Ca1showing a double peaked profile, indicative of a rotating

disk (Aret et al. 2012; Aret & Kraus 2015);

emission lines with P Cygni profiles indicating fast winds in

the outflows (Israelian & de Groot 1999);

. HI recombination lines tracing the extended nebula and the
disk photosphere;

. forbidden emission lines, such as [N1I] and [SII], trace low
density, but fairly hot nebular gas;

. permitted emission lines originate from the photosphere of
the disk;

. we place [O1] in the disk environment, separating the ion-

ized photosphere from the neutral molecular gas, for exam-

ple CO (Aret et al. 2012; Aret & Kraus 2015);

diffuse interstellar absorption bands, indicating interstellar

matter in the line of sight.

2.

Furthermore, some of the emission lines show a broad under-
lying emission component, superimposed on a narrow emission
profile, for instance [Fe I1] emission lines. The narrow emission
component is likely to originate from the photosphere of the
disk, whereas the broad underlying component is indicative of
shocks in the outflows. The next sections will discuss the iden-
tified species and the physical characteristics of their environ-
ments in more detail.
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Table 2. Line parameters for extinction correction using [Fe 1] lines.

A Intensity A Jup A1)/ 122 At Hi A(V)
nm erg s~! cm™? arcsec™? 57! cm™?

b*F
441.68 4.39E-15 +4E-16 4.60E-01 | 9/2 | 680.98/441.68 | 4.46 | 1.59E22 | 8.47 + 0.8
494.79 1.73E-15 +2E-16 5.90E-02 | 9/2 | 494.79/441.68 | 1.24 | 1.51E22 | 8.05+0.8
680.98 1.34E-14 +1E-15 2.50E-02 | 9/2 | 680.98/494.79 | 322 | 1.62E22 | 8.64 +0.9
452.87 4.86E-16 +5E-17 3.98E-02 | 5/2 | 497.38/452.87 | 0.84 | 1.24E22 | 6.62 + 0.7
497.38 3.59E-15 +4E-16 1.40E-01 | 5/2

c’G
567.36 4.42E-15 +4E-16 3.00E-01 | 9/2 | 1625.22/567.36 | 5.10 | 1.37E22 | 7.27 £ 0.7
1625.22 3.13E-14 +3E-56 3.70E-02 | 9/2
583.59 4.34E-15 +4E-16 3.20E-01 | 7/2 | 1616.13/583.59 | 5.04 | 1.42E22 | 7.58 £ 0.8
848.06 2.21E-14 £2E-15 1.00E-01 | 7/2 | 848.06/583.59 | 3.17 | 1.67E22 | 8.89 + 0.9
1616.13 5.50E-14 +6E-15 7.30E-02 | 7/2 | 1616.13/848.06 | 1.87 | 1.13E22 | 6.03 = 0.6

Notes. The table consists of two parts: the first four columns are the line intensities measured in the spectra. The last 4 columns are the color
excesses derived from the different line pairs. The extinction correction takes transitions from two different electronic states into account, that span

1.2 um in total.

3.1. Atomic emission features
3.1.1. Extinction correction

A plethora of forbidden and permitted FeII lines can be iden-
tified. Here, two sets of transitions with the same upper level
provide a measure of the extinction (color excess). We have put
these on an absolute optical depth scale by using the relation
between color excess and total visual extinction provided from
Draine (2003) or equivalently, an equivalent total H column den-
sity using Ny = 1.9x1072! A(V). The emission lines that we used
for the extinction correction are given in Table 2. We used two
different electronic states of [Fe11], i.e., b*F and ¢?>G. The tran-
sitions span all three parts of the échelle gratings (UV, VIS and
near-IR). A(V) is then given with an average value of 7.69 when
all values are considered. The errors on the final A(V) depend
here on the uncertainties in the intensities of the emission lines,
which is estimated to be in the order of 10%. An additional error
is also introduced when using Draine (2003) in which the un-
certainty in wavelength also has an influence on the H-atom col-
umn density, and thus on A(V). Here, we use the relationship for
A /A(V) provided by Cardelli et al. (1989) and using an Ry = 3.1
(for the general ISM). We note that the DIB strength in the Red
Square seems to be comparable to the DIB strength seen towards
BD+63 1964, which has an A(V) ~ 3.1 mag (Ehrenfreund et al.
1997; Tuairisg et al. 2000). This would suggest that half of the
measured extinction is due to interstellar extinction and about
half of it is due to circumstellar extinction.

3.1.2. The excitation temperature of [Fe ]

An overview of all detected energy levels of [Felr] and Fel
can be seen in Table A.l. The identifications are based on
NIST (Kramida et al. 2013) and “The Atomic Linelist v.2.04”
(van Hoof 2014). Transitions that were lacking Einstein A co-
efficients (s7!) in the NIST atomic database — mainly for FeII
and [Fe11] transitions — were adopted from Garstang (1962) or
Nussbaumer & Storey (1980, 1988).

Most of the observed transitions come from energy levels
with excitation energies less than 40000 cm™!. Only a small
fraction of energy transitions come from energy levels higher
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than 40 000. This multitude of linked energy levels provides us
with a very sensitive tool to allow an estimate on the temperature.

Therefore, we took a total of 40 transitions into account,
spanning a range of almost 20000 cm™' and 6 different mul-
tiplets of [Fell] in order to calculate excitation temperatures.
The result is plotted in Fig. 3. The individual transitions that
have been taken into account are given in Table 3. From the
Boltzmann diagram we arrive at an excitation temperature of
around 6700 K.

In addition Pesenti et al. (2003) have designed two diag-
nostic diagrams that enable us to derive density and temper-
ature estimates of the emitting gas from near-IR line ratios.
Specifically, the [Feir] 0.8617 um / [Fet] 1.257 um and
[Fem] 1.533 um / [Fe1r] 1.644 um ratios imply densities of
5 x 10*~1 x 10° cm™ and temperatures of 7000—10000 K.
This is confirmed by the [Fe1r] 1.257 uym / [S11] 1.03 um and
[Fer] 1.533 um / [Fe1r] 1.644 pm line ratios which also result
in 5 x 10*~1 x 10° cm™ and 700010 000 K gas temperature.

We compared our results to the results by Rudy et al. (1992).
In their study the authors concluded on 7. ~ 5000 K and
Ne = 1 x 10° cm™ in their near-IR spectrum. This tempera-
ture is lower than the excitation temperature found in our study.
This might be due to the fact that their upper state energies come
from a narrow range of upper state energies. All of the [Feli]
lines come from the same upper level (a*D), taking into ac-
count 7 transitions, whereas our study spans a range of almost
20000 cm™! in upper state energies, with a total of 6 multiplets
including 40 transitions.

In conclusion, we derive an electron temperature of at least
7000 K and an electron density of 8 x 10* cm™3 for the [Fe11]
emitting gas.

3.1.3. The Call triplet — a double peaked profile

Figure 4 shows the permitted Call triplet at A = 849 nm,
A = 854 nm, and A = 866 nm, respectively. The x-axis is cor-
rected for the local standard of rest of 12.12 kms~!. Zero km s™!
in the figure corresponds to the wavelength given from the NIST
database (d,;) (Kramida et al. 2013). The intensity ratio of the
lines is about 1:1:1. The Einstein A coefficients for all three
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Fig. 3. Boltzmann excitation diagram for a selection of 40 [FeII| emission lines with N and g the column density and statistical weight of the

upper level. The slope indicates an excitation temperature of 6700 K.

emission lines are: A = 1.11 x 10° s ! at 1 = 849 nm, A = 9.9 x
10°s'atd =854 nm,and A = 1.06 x 107 s! at 1 = 866 nm.
In case of an optically thin environment, we would expect an
emission line ratio of 1:9:5 for the CaTl triplet. This has been de-
tected for example in Herbig-Haro objects (Reipurth et al. 1986).
In contrast, an intensity ratio of 1:1:1 implies saturation from an
optically thick environment, as argued by Reipurth et al. (1986),
and might be indicative for an accretion-related origin. This sug-
gestion is strengthened by a study by Rudy et al. (1992), who
argues that CalI comes from a dense (N, = 10'° cm™), warm
(4000-8000 K) environment in MWC 922. Rudy et al. (1992)
argued that the observed intensity ratios are also indicative of an
optical thick environment with a minimum optical depth of 30 at
854 nm. This in turn was used to imply a minimum column den-
sity of hydrogen of 2 x 10" ¢cm™2. If their detected lines were
broadened by mass motions of 20 kms™!, this would imply a
column density of an order of magnitude higher.

We can furthermore strengthen the argument that Ca II exists
in the disk environment by the fact that the Call triplet shows
a clear double peaked profile resolved with the X-shooter spec-
trograph and shown in Fig. 4. From this figure the FWHM of
the emission peaks can be estimated to be around 150 kms™'.
We also note an emission plateau underlying all three CaTI lines.
This broad plateau shows velocities as high as 100 kms~! on the
red shifted side, whereas the blue shifted side extends to about
200 kms~!. The velocity separation between the two maxima is
around 50 km s~!. That means that the gas would be rotating with
a projected velocity of around 25 kms~'. We also compared the
2012 (position 2) spectrum to the 2010 spectrum. In both spectra

we took the sum of a couple of pixels at the center (around the
central star) and edge of the slit, and compared the CaIl emis-
sion bands. If we assume the origin of those Call bands in a
central region in the disk, then the double peaked profile should
disappear as we move outward from the star (center of the slit).
This is not the case. The double peaked profile is clearly visi-
ble at both slit positions (2010 and 2012, position 2), and it also
makes no difference whether we look at the pixels in the cen-
ter of the slit or at the edge. For a better comparison we also
show the spectra taken in 2010 and 2012 (position 2) decom-
posed into the individual pixel spectra in Fig. 5. The pixel num-
ber is given, as well as the distance from the central star. It can
clearly be seen that the 2012 (position 2) and 2010 pixel posi-
tions resemble each other with respect to the content of atomic
species and line profiles, as well as intensity ratios between the
detected species. Apart from a decrease in intensity with dis-
tance to the central star, there is barely any spectral change for
the Ca1r double peaks. For a more quantitative assessment, we
also plot the residuals of two individual pixel spectra of 2012
(position 2). The residuals are plotted in the bottom-most spec-
trum. Here, we choose to subtract one spectrum which is close
to the star (at +0.6” distance, i.e., pixel 30) from one spectrum
which is at roughly —2.5" (pixel 15) distance to the central star.
Here, intensity fluctuations in the Ca1l species are in the order
of 10%.

At first sight the detection of Call along the full length of
the slit spectrum seems to contradict our conclusion that CaTI is
located in the disk only. However, following the argumentation
for the Red Rectangle Nebula of Cohen et al. (2004), and given

A69, page 5 of 43


http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201628723&pdf_id=3

A&A 601, A69 (2017)

Table 3. Parameters for determining the excitation temperature and column density of [FeT1].
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Transition Area Einstein A Eyp Gup In [N/g]
nm erg s~ cm™2 arcsec 2 57! cm™!
a%D — a®S
445.25 3.51E-11 + 4E-12 4.65E-1 23317.64 | 6 | 28.04+0.2
441.41 5.60E-11 + 6E-12 7.30E-1 23317.64 | 6 | 28.05+ 0.2
447.53 1.75E-11 + 2E-12 2.27E-1 23317.64 | 6 | 28.07 = 0.2
a%D - b*F
441.66 5.43E-11 + 5E-12 4.19E-1 22637.20 | 10 | 28.06 = 0.2
443.28 2.50E-12 = 3E-13 4.88E-2 | 2293935 | 6 | 27.65+ 0.2
445.83 3.21E-11 + 3E-12 2.55E-1 2281035 | 8 | 2827+ 0.2
448.92 1.75E-11 + 2E-12 1.35E-1 2293935 | 6 | 2859+ 0.2
449.28 1.34E-11 + 1E-12 5.61E-2 | 22637.20 | 10 | 28.69 + 0.2
450.97 9.44E-12 + 9E-13 5.2E-2 23031.28 | 4 | 2934+ 0.2
451.56 1.31E-11 + 1E-12 6.0E-2 2281035 | 6 | 29.12+ 0.2
452.87 4.48E-12 + 4E-13 398E-2 | 2293935 | 6 | 28.46% 0.2
453.35 1.78E-12 + 2E-13 1.45E-2 | 23031.28 | 4 | 2895+ 0.2
a®D —b*P
464.00 1.33E-11 + 1E-12 4.67E-1 20830.55 | 2 | 2821+ 0.2
466.47 5.70E-12 = 6E-13 1.47E-1 22409.82 | 2 | 2852+ 0.2
472.88 2.48E-11 + 2E-12 4.53E-1 22409.82 | 4 | 28.18+ 0.2
477.24 4.86E-13 + 5E-14 2.3E-2 21812.05 | 4 | 2784+ 0.2
479.86 4.86E-12 + 5E-13 6.75E-2 | 21812.05 | 4 | 2847+ 0.2
489.00 2.43E-11 + 2E-12 341E-1 20830.55 | 6 | 28.08 = 0.2
495.88 2.78E-13 + 3E-14 5.0E-3 2083055 | 6 | 2784+ 0.2
a*F - b*F
494.79 5.74E-12 + 6E-13 5.90E-2 | 22637.21 | 10 | 27.89 = 0.2
495.11 1.02E-11 + 1E-12 1.70E-1 23031.30 | 4 | 2833+ 0.2
497.37 9.81E-12 + 1E-12 1.4E-1 2293936 | 6 | 28.08+ 0.2
504.39 4.39E-12 + 4E-13 6.50E-2 | 2293936 | 6 | 28.05+ 0.2
477.51 1.28E-11 + 2E-12 1.30E-1 2281036 | 8 | 28.09« 0.2
481.48 4.22E-11 + 4E-12 4.00E-1 22637.21 | 10 | 2794+ 0.2
487.48 1.30E-11 + 1E-12 1.7E-1 2293936 | 6 | 28.14+ 0.2
490.57 1.94E-11 + 2E-12 2.2E-1 2281036 | 8 | 28.01« 0.2
a’D - a*D
1248.63 2.56E-13 + 3E-14 4.7E-4 8391.4 6 | 31.05+ 0.2
1252.20 2.00E-11 = 2E-12 7.3E-4 8846.77 2 | 3146+ 0.2
1256.76 7.70E-12 + 8E-13 4.74E-3 7955.30 8 | 31.86x 0.2
1270.44 7.42E-13 + 7TE-14 3.9E-3 7955.30 2 | 31.11+ 0.2
1278.87 1.37E-12 + 1E-13 2.9E-3 8680.45 4 | 3134+ 02
1294.38 1.59E-12 + 2E-13 2.2E-3 8391.94 6 | 3137+ 0.2
1297.86 5.90E-13 + 6E-14 1.3E-3 8680.45 4 | 3131+ 02
1320.63 1.96E-12 + 2E-13 1.40E-3 7955.30 8 | 3176 £ 0.2
1327.86 7.61E-13 + 8E-14 1.4E-3 8391.94 6 | 31.11+ 0.2
a*F - a’G
715.58 3.74E-11 + 4E-12 1.46E-1 15844.65 | 10 | 29.23 = 0.2
717.26 1.03E-11 = 1E-12 5.51E-2 16369.36 | 8 | 29.14« 0.2
738.88 7.76E-12 + 8E-13 4.21E-2 16369.36 | 8 | 29.15+ 0.2
745.32 1.13E-11 + 1E-12 4.77E-2 15844.65 | 10 | 29.19 + 0.2
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Fig. 4. Ca1 triplet emission lines. The wavelength is corrected for the local standard of rest (LSR = 12.12 kms™"). The zero point is equal to the
wavelength (4,;,) given from the NIST database. The intensity ratios of the three lines are about 1:1:1, indicative of an optically thick environment.
The double peaked profile is indicative that the lines originate in a circumstellar and rotating disk.

the geometry of the Red Square Nebula, the conclusion that Ca1t
is located in the disk seems inescapable. Here, we will argue
that CaTl is indeed formed in the inner part of a rotating disk.
The geometry of the Nebula is dominated by a cone structure
similar as seen in the Red Rectangle Nebula for which a hollow
bicone surface was invoked (Cohen et al. 2004). In our study,
the slit spectra are oriented along the limb-brightened walls of
the cone as well as along the central axis. Hence, all the light
we see is scattered by dust in the inner rim of the bicone walls.
As the scattering angle does not change, the spectral signature
of the disk rotation will also not change, and hence no change in
the line profiles of the individual pixel spectra is expected.

The [Call] and Call triplet lines at 730 nm, and around
850 nm, as well as the [O1] lines at 558, 630, and 636 nm and
the Ho line have been used before as disk indicators for B[e] su-
pergiant stars (Aret et al. 2012; Aret & Kraus 2015). The kine-
matics of the disk was determined by comparing the line profiles
of the different sets of emission lines. Following the approach by
Aret et al. (2012), we do detect a double peak profile in the Ca1l
triplet. The [Ca11] lines around 730 nm are located in a region
which is dominted by atmospheric absorption bands. We care-
fully looked at several individual pixel spectra which all show
clear indication of the double peak profile and overplotted a sim-
ulated atmospheric transmission spectrum. This gave additional
evidence that the double peak profile in the Ca1I around 730 nm
shows real signatures from the Red Square. Figure 6 shows again
several individual pixel spectra. The residual spectrum of the
spectra at +0.6” and —2.5” is plotted in the bottom-most panel.
Here, the residuals are in the same order as the baseline noise.
However, both, the morphology of the nebula, and the double

peaked line profiles suggest that we are seeing a disk from the
side.

3.1.4. Hi recombination lines — P Cygni lines

Figure 7 shows a selection of HI Balmer transitions between
397 nm and 656 nm in the upper panel. Again, a velocity cor-
rection of LSR = 12.12 kms~! for the local standard of rest is
applied. The zero-point is set to the wavelength given in the
NIST database () (Kramida et al. 2013). The transition pro-
cess from HT absorption lines (H1 2-7) towards a P Cygni line
profile starting with (HT 2-6) is shown. The P Cygni profiles
are indicative of an extended shell of gas moving away from the
central star (Israclian & de Groot 1999). The HI lines show a
FWHM = 100 km s~! and are good tracers of the structure of the
extended nebula. For most of the HI Balmer lines we do not de-
tect a change in the line profiles with change in slit position. For
a better comparison we plot the Red Square spectrum obtained
in 2010 and the spectrum obtained in 2012, position 2, decom-
posed into the individual pixel spectra (see Fig. 8). The P Cygni
line profile of the HB emission line is clearly visible for both slit
positions and again only a decrease in intensity is detected with
distance from the star. Again, we also plot the residual spectrum
in the bottom-most panel. The residuals have been obtained by
subtracting pixel spectrum 30 (+0.6"") from pixel spectrum 15
(—2.5") of the slit spectrum taken in 2012, position 2. The resid-
uals in Fig. 8 cannot be distinguished from the baseline noise.
A zoom-in on the HB emission line is also shown in Fig. 9 for
better comparison.

In addition, we show the individual pixel spectra for the
He emission line in which also the P Cygni line profile can be
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Fig. 5. Some of the individual pixel spectra of Call are shown. The left panel shows the spectra from 2010, and the right panel shows the spectra
taken in 2012, position 2. Pixel 00 (2010) corresponds to the south-east position. Pixel 00 for position 2 in 2012 is located in the east. The intensities
of the lines decrease with distance to the central star, but the double peaked line profiles as well as the atomic content of the spectra do not show
any significant changes. The bottom-most panel gives the residuals of the slit spectrum in 2012 (position 2) when the spectrum at +0.6” (pixel 30)
is subtracted from the spectrum at —2.5” (pixel 15) distance to the central star. Negative distances indicate directions in the south-(east) of the

nebula. Positive distances indicate directions towards the north-(west).

detected. We plot the spectra obtained in 2010 and 2012, as well
as the individual decomposed pixel spectra (see Fig. 10). Es-
pecially for larger distances from the central star, we note that
the P Cygni profile seems more pronounced in the 2010 dataset,
compared to the dataset in 2012, position 2. This hints towards
the fact that the outflows are centrally located on the (pole of
the) star. This is conclusive when also looking at the residual
spectrum in the bottom-most panel. Again, the spectrum tracing
+0,6” has been subtracted from the spectrum at —2.5” distance
to the central star. Here, the residuals are about twice as large
(about 25%) compared to the CaTl triplet lines.

3.1.5. Dipole forbidden lines — low density gas tracers [S ||]
and [N 1]

Forbidden lines can be used as a probe for low density regions.
The [S11] emission features at 406.9 and 407.6 nm, as well as
at 671.7, 673.1 and 1032.1 nm are often used as density tracers
in circumstellar shells, as the first two lines at 400 nm appear in
preference over the emission lines at 671 and 673 nm if the den-
sity in circumstellar shells is high (Allen & Swings 1976). Here,
we detect weak [STI] emission at 406.9 nm. The emission line
at 407.6 nm is completely absent. The absence of the 407.6 nm
[S11] line in our spectrum supports the hypothesis of a low den-
sity origin. The [S1I] emission lines at 1 = 671.7, 673.1 nm
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and at 1032.1 nm are clearly present here, and can be used as
an estimate for the density (Hamann 1994). The first two [SII]
transitions connect states of the same parity and are hence so-
called dipole forbidden transitions: 116717 (*S9 2D‘; /2) and

3/2

116731 (48‘3’ /2—2D‘3’ /2). These two lines can be excited by col-
lisions, and since their upper state energies are about the same
(14885 cm™! and 14852 cm™! for the Q = 5/2 and Q = 3/2,
respectively), the de-excitation is solely governed by the ratio of
the Einstein A coefficients of 2.01 x 107 s~ and 5.75 x 107 s~!
in the low density regime, where collisions hardly occur. Follow-
ing Hamann (1994) we can determine the electron densities from
the line ratios of the aformentioned transitions and we arrive at
an electron density of 3 x 10* cm=>. This density is very similar
to that derived for the [Fe I1] emitting gas (between 5 x 10* and
1 x 10° cm™3).

The [N 11] emission lines at 654.8 and 658.4 nm are affected
by the Ha emission line. Although present in our spectra, we
did not attempt to use these lines for getting estimates on the
electronic temperatures or densities. However, a zoom-in on the
Ha line reveals that the low density gas tracers (see Fig. 11)
are present in both slit positions, that is in 2010 and 2012, posi-
tion 2. The emission lines are strongest in the center of the slit
position and their intensities decrease with distance to the central
star. The bottom-most spectrum shows the residuals by subtract-
ing the individual pixel spectra at +0.6” from the spectrum at
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Fig. 6. Some of the individual pixel spectra of [Call] lines are shown. The left panel shows the spectra from 2010, and the right panel shows the
spectra taken in 2012, position 2. Pixel 00 (2010) corresponds to the south-east position. Pixel 00 for position 2 in 2012 is located in the east. Since
the [Ca11] lines are located in a region which is dominated by atmospheric absorption lines, it is hard to determine whether the substructure seen
on the [Ca1i] lines is intrinsic. The bottom-most panel gives the residuals of the slit spectrum in 2012 (position 2) when the spectrum at +0.6”
(pixel 30) is subtracted from the spectrum at —2.5” (pixel 15) distance to the central star. Negative distances indicate directions in the south-(east)
of the nebula. Positive distances indicate directions towards the north-(west).

—2.5" in the 2012 (position 2) dataset. Residuals in the order of
around 5% can be detected at 658.4 nm. We furthermore notice
an absorption band at pixel position 00, in the 2010 dataset. This
absorption component changes to the emission line seen closer
to the star (pixel 30, 2010). This absorption is statistically signif-
icant (407), but is only detected in that specific spectrum. Neither
at pixel 60 (2010 datset), nor in the 2012, position 2 dataset, we
do detect the absorption profile. Nontheless, the ion is clearly
present in the environment close to the central star (in emission).

3.2. Molecular emission lines
3.2.1. CO emission lines as temperature tracers

The first and second overtone transitions of CO are detected
and are used to determine the rotational temperature and col-
umn densities of CO in the Red Square Nebula. The bandheads
of the Av = 2 of CO, these are CO (0-2), (1-3), and (2—4)
transitions, are identified at 2.29 ym, 2.32 um, and at 2.35 um,
respectively. We also identified the Av = 3 transitions of CO,
CO (0-3), (1-4), (2-5), (3—6), and (4-7) at around 1.56 um,
1.58 pum, 1.60 um, 1.62 um, and 1.64 um. The analysis of the
observed emission features is explained in the following sections
and the results are plotted in Figs. 12 and 13. We simulate the
observational data using PGOPHER (Western 2013), a program

for simulating the rotational structure of molecules. The program
assumes LTE conditions. As input parameters for the PGOPHER
simulation we used the HITEMP (High-Temperature Molecular
Spectroscopic Database) datafiles (Rothman et al. 2010). Using
these datafiles we simulated the CO spectrum for various tem-
peratures and overplotted the observational spectrum with the
simulated PGOPHER spectrum.

Figures 12 and 13 show a comparison between the observa-
tional data (black) and the simulated spectrum (red). Figure 12
shows the first overtone transition. The simulation is normal-
ized to the intensity in the CO (0-2) bandhead of the observa-
tional dataset. Figure 13 shows the second overtone transition
of CO and is normalized to the intensity of CO (3-6) transition.
The rotational temperatures are increased from top to bottom,
respectively.

3.2.2. First overtone transitions of CO

The band profile and relative intensities of the CO (0-2) transi-
tions are very sensitive to the gas temperature. Only for tem-
peratures in excess of 1000 K, the bandheads do start to be-
come prominent (Fig. 12). Comparison of the observations with
the simulations indicate a temperature of roughly 3000 K. The
uncertainty in the temperature is around 20%.
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3.2.3. Second overtone transitions of CO

Figure 13 shows a zoom-in on the many weak emission lines in a
very crowded part of the spectrum. Many of the second overtone
transitions of CO are blended. However, the CO (3-6) transition
lies free of other emission lines, and clearly exhibits rotational
substructure. The simulation of the Av = 3 transition also sug-
gests temperatures of about 3000 K. Here, the uncertainty in the
temperature is also in the order of 20%.

3.2.4. CO column density

The CO column density for the various ro-vibrational transi-
tions has been obtained. We integrated the emission bands I,
(erg s7! em™ um™! arcsec™?) of the individual bandheads. The
wavelength range over which the emission was integrated was
chosen by comparison to the simulations at temperatures of
3000 K. For Av = 2, for example, the simulation shows a clear
and steep blue edge and a long degraded red tail. The flux can
still be traced towards the steep blue edge of the next CO band-
head at longer wavelengths (i.e., at CO (1-3)). Hence, we inte-
grated all fluxes in between two adjacent bandheads to account
for the column density in each individual emission band of the
Av = 2 transitions. However, for CO (2—4) and for the Av = 3
transitions, the situation is not as straight forward, due to low
S/N as well as blended atomic lines, respectively. Thus, the error
bars depend on the S/N, the chosen baseline, and overlapping or
blended emission lines. Here, the error in the integrated intensity
is estimated to be in the order of 20% for individual unblended
CO emission bands. For most lines in the Av = 3 overtone tran-
sition we adopted an error of 50%, and an error of 20% for the
CO (3-6) transition. Einstein A coefficients were adopted from
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Chandra et al. (1996) available through the vizier database for up
to J = 150. The rotational constants for the different vibrational
levels were taken from Mishra et al. (2005). We then calculated
the column density using

_4HXI[

A xhy M

i

The results are given in Table 4. The table shows the flux for
each ro-vibrational transition. The Einstein A coefficients are
also given. The resulting CO column density for each individ-
ual transition is shown, including the estimate on the error bars.

Figure 14 shows the relation between CO column density
and upper level energy. A linear fit is used to determine the ex-
citation temperature of CO in the Red Square. The excitation
temperature is around 2100 K for the Av = 2 and 3200 K for
the Av = 3 bands, respectively. The error on the linear fit is in
the order of 50%. These temperatures match within 1o~ with the
3000 K determined by the PGOPHER LTE simulations. From
the integrated emission intensity we directly obtain the column
densities of the various energy levels involved. We also deter-
mine a total column density of CO by using 3000 K as excitation
temperature and extrapolating the column densities for the v = 0
and v = 1 transition by adopting the column density for the CO
(v = 2) transition of 4.87 x 10" cm=2. This yields CO columns
of 8.5 x 10" and 2.0 x 10" cm2 for the CO (v = 0) and CO
(v = 1) vibrational levels, respectively. Adding up all the column
densities from the various upper levels, and taking into account
the extrapolated CO column densities for the ground and first vi-
brationally excited state, we obtain a total column density of CO
of about 1.7 x 10" cm~2. The results are shown in Table 4.
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Fig. 8. HB line is shown for the spectrum taken in 2010 and for the spectrum taken in 2012, position 2. The identified emission lines are labeled
for better comparison. Pixel 00 (2010) corresponds to the south-east position. Pixel 00 for position 2 in 2012 is located in the east. Both spectra
show clearly the P Cygni line profile of the HB line. Again, there is no difference in the individual line profiles for the different pixel spectra,
and/or slit positions. There is also no change in relative intensity among the detected emission features. A clear decrease in intensity is detected
with distance to the central star. The bottom-most panel gives the residuals of the slit spectrum in 2012 (position 2) when the spectrum at +0.6”

(pixel 30) is subtracted from the spectrum at —2.5” (pixel 15) distance to t

he central star. Negative distances indicate directions in the south-(east)

of the nebula. Positive distances indicate directions towards the north-(west).

4. The Red Square and the Red Rectangle Nebula
4.1. Morphology

Figure 15 shows a comparison of the morphology of both
objects. The left panel shows the Red Square Nebula
(Tuthill & Lloyd 2007). The image has been taken using H-band
adaptive optics from Mount Palomar. The right panel shows the
Red Rectangle, optical image, taken with the HST PC and WF
cameras applying different filters (Cohen et al. 2004). The sim-
ilarities are striking, as both objects show the same X-shaped
structure. In the Red Rectangle the circumbinary disk shapes
the outflows into two conical lobes. The biconical outflows
show regions of higher densities, perpendicular to the outflow
direction, which have been named ladder-rungs. Most likely
they are ring shaped features on the bicone surface. The ori-
gin of these features is unclear, but it has been suggested that
these are caused by strong stellar pulsations leading to strong
mass-loss events during stellar evolution in the binary system
of the Red Rectangle Nebula. The X-shaped appearance, limb-
shaped paraboloids co-axial with the polar axis, and ladder-
rungs can also be found in the Red Square Nebula. The ori-
gin of these rungs is puzzling in the Red Square Nebula, as
the central object is not confirmed to be a post-AGB object.

However, Miroshnichenko (2007) studied a wide range of ob-
jects that were classified as B[e] stars (Miroshnichenko 2007;
Miroshnichenko et al. 2007). This classification was based on
the presence of optical emission lines as well as IR excess. For
many of their objects the evolutionary status is unknown, as it is
for MWC 922, for which both pre- and post main sequence have
been suggested. Based on these studies it has been suggested,
that many B[e] objects belong to the class of FS CMa stars. In the
same study, it is mentioned that likely all of these objects have
a secondary companion (Miroshnichenko et al. 2007). Based on
their findings, we speculate that the same processes that shape
the nebula in HD 44179 is also operating in MWC 922. Our
studies clearly indicate outflowing material, a disk in rotation
around the central object(s) as well as shocked gas. In H-band
images (Tuthill & Lloyd 2007) the structure of the outflows is
resolved and shows the same morphological similarities as seen
in the Red Rectangle, as mentioned above. We argue that the Red
Square Nebula is indeed formed by a binary system.

Soker (2015) has developed a detailed model for the origin
of the various morphological characteristics of the Red Rectan-
gle. In this model, the slowly expanding biconical structure of
the Red Rectangle is formed by intermittent jets blown by the
accreting companion. Many objects contain a pair of wineglass
structures, symmetrically arranged with respect to a central disk,
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Fig. 9. Zoom-in on the HR line is shown for the spectrum taken in 2010 and for the spectrum taken in 2012, position 2. Both spectra show clearly
the P Cygni line profile of the HB line. Again, there is no difference in the individual line profiles for the different pixel spectra, and/or slit positions.
The bottom-most panel gives the residuals of the slit spectrum in 2012 (position 2) when the spectrum at +0.6” (pixel 30) is subtracted from the
spectrum at —2.5” (pixel 15) distance to the central star. Negative distances indicate directions in the south-(east) of the nebula. Positive distances

indicate directions towards the north-(west).

consisting of a ring connected by a paraboloid to a central ob-
ject. Such a structure might be explained by a binary system
where the primary object has a period of enhanced mass-loss
forming a dense shell. Some of this material forms an accretion
disk around the secondary and that leads to the launch of a jet. In-
teraction of this jet with the shell forms then the symmetric wine-
glass structures (Soker 2002). The Red Rectangle Nebula — and
the Red Square Nebula — are special in that respect as they con-
tain a set of those wineglass structures and this has been taken
to imply an intermittent series of enhanced mass-loss periods
in the primary object of the Red Rectangle and associated jet
activity (Soker 2005). Given the morphological similarities, we
argue that a similar scenario might be at work in the Red Square
Nebula and there is some supporting evidence. While no com-
panion has been directly or indirectly detected in MWC 922,
the class of FS CMa objects is characterized by binarity. The
mid IR excess heralds the presence of hot dust presumably in a
circumstellar disk and that is supported by our analysis of the
emission lines. Furthermore, Marston & McCollum (2008) have
interpreted the observed morphology in their deep Ha images as
evidence for a one-sided jet in MWC 922. However, we note that
this supposed jet is along the disk axis rather than the poles and it
is not clear that this structure is a jet. An extended study of deep
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imaging of the Red Square Nebula might be very illuminating in
this respect. While the morphologies and IR spectral signatures
of the nebulae are very similar, there are also clear differences
between the Red Rectangle and the Red Square. Specifically,
the Red Rectangle contains an evolved luminous star, likely in
a post-AGB evolutionary stage (Waelkens et al. 1996), while the
primary star in MWC 922 is more massive and likely in an ear-
lier evolutionary stage (Witt et al. 2009). So, in a way, the Red
Square and the Red Rectangle are an astronomical example of
convergent evolution where similar morphological characteris-
tics are expressed by environmental pressures in very different
objects.

4.2. Comparison of the chemical components

Despite the morphological similarities (disk, X-shaped outflows,
including vortices and so-called ladder-rungs), we notice strong
differences in the physical and chemical conditions of both
sources. The reason for the difference in the physics and chem-
istry is based on the nature of the primary star. In the Red Rect-
angle Nebula, the central objects are a spectroscopic binary sys-
tem, with a post-AGB star (~8000 K) feeding a main sequence


http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201628723&pdf_id=9

N. Wehres et al.: The Red Square Nebula

Red Square 2010

Red Square 2012 position 2

655 656

10| -5.5" pixel 00 |pixel 00 551100
‘ _ ‘ MW AU
401-3.9" pixel 10 | pixel 10 -3.5" ] 00
20+ 1200
= 0 ‘ ‘ | ‘ o
8 200} -2.1" pixel 20 |pixel 20 -1.4"{7500
(O] 15000
z 10 12500
— e i
o 0000 46 pixel 30| pixel 30 150000
w 3000 125000
E ‘ ‘ .
oZ gooo| +1.1" pixel 40 | pixel 40 +2.6" 11000
3000} //L {500
+2.7" pixel 50 | pixel 50 +4.7"1200
- MM 1100
Ot f ‘ ‘ NI A el ‘ ‘ A
50| +4 4" pixe| 60 655 656 657 658
OMMMMM
n 655 656 657 658
S oaf
o S ]
o 0,0
Y -02

657 658

Wavelength [nm]

Fig. 10. Ha line is shown for the spectrum taken in 2010 and for the spectrum taken in 2012, position 2. Pixel 00 (2010) corresponds to the south-
east position. Pixel 00 for position 2 in 2012 is located in the east. Here, actually a change in the line profile is visible: the absorption component
at pixel 00 (south-east, in the 2010 dataset, and east for 2012) becomes weaker when going closer to the star (see pixel 30 at —0.6” in 2010 and
+0.6” offset in 2012), whereas the emission component increases when going closer to the star. The bottom-most panel gives the residuals of the
slit spectrum in 2012 (position 2) when the spectrum at +0.6” (pixel 30) is subtracted from the spectrum at —2.5” (pixel 15) distance to the central
star. Here, the residuals are larger compared to the other residuals in the emission lines. This indicates that the He line is located on the pole of the
star. Negative distances indicate directions in the south-(east) of the nebula. Positive distances indicate directions towards the north-(west).

star via Roche lobe overflow. The main sequence star shows sig-
natures of an accretion disk and fast jets accelerated outwards,
evident in a broad Ha component and CO UV emission lines
(Witt et al. 2009). The bright red glow in the Red Rectangle
in the optical part of the spectrum is caused by extended red
emission (ERE), indicative of carbonaceous grains or silicate
particles (Witt et al. 1998; Seahra & Duley 1999; Ledoux et al.
2001; Malloci et al. 2004; Mulas et al. 2004; Chang et al. 2006;
Berné et al. 2008). The bright red glow from the H-band adap-
tive optics image taken by Tuthill & Lloyd (2007) is likely
caused by scattered near-IR light off of the dust. The central ob-
jects in the Red Square are a B[e] star (FS CMa) with likely a
secondary companion.

4.3. The IR spectrum: PAHs and silicates

PAHs (polycyclic aromatic hydrocarbons) and crystalline sil-
icates have been detected in the near-IR and mid-IR spec-
trum of MWC 922 (Molster et al. 2002a,b,c; Peeters et al. 2002).
Figure 16 shows the spectral energy distribution (SED) in the
near- and mid IR of the Red Square Nebula in the upper panel.

The lower panel shows a comparison to the SED of the Red
Rectangle Nebula. Both spectra cover the same spectral range.
The PAHs emission features as well as the silicates have been
labeled in both spectra for better comparison. We only distin-
guish between carbon based emission signatures, that is PAHs,
and oxygen based emission features, that is silicates. For a more
in-depth comparison and identification of the particular silicate
features or PAHs please refer to Molster et al. (2002a,b,c) and
Peeters et al. (2002).

Signatures of strong PAH emission are clearly visible be-
tween 1-10 ym in both environments, as well as strong sil-
icate emission bands at longer wavelengths, between 30 and
40 pum. It becomes obvious that the Red Rectangle possesses
stronger PAH emission features, whereas the Red Square Nebula
shows stronger silicate emission features. It was recognized that
the Red Rectangle has a spatially separated chemistry with sili-
cates located in the circumbinary disk that antedate the C-rich
material in the nebula, in which PAHs have been detected
(Van Winckel et al. 2002). This has been interpreted as the re-
sult of AGB evolution, in which the star is initially O-rich.
The silicates are tracers of this O-rich phase, and are trapped in
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Fig. 11. Zoom-in on the [N 11] lines located at 654.86 nm and 658.39 nm, next to the Ha line. We plot the two spectra obtained in 2010 in 2012,
position 2. Pixel 00 (2010) corresponds to the south-east position. Pixel 00 for position 2 in 2012 is located in the east. The low density gas tracers
can be seen in both spectra, but become very weak at the edges of the respective slit positions. However, a small absorption band can be detected
at pixel 00, in the 2010 dataset. This is indicating that the forbidden N II can be seen close to the central star in emission (pixel 30, 2010 dataset),
and further away from the central star in absorption (pixel 00, 2010 dataset). The bottom-most panel gives the residuals of the slit spectrum in
2012 (position 2) when the spectrum at +0.6” (pixel 30) is subtracted from the spectrum at —2.5” (pixel 15) distance to the central star. Negative
distances indicate directions in the south-(east) of the nebula. Positive distances indicate directions towards the north-(west).

a (circumbinary) disk. Evolution turns the formerly O-rich star
into a C-rich star, in which PAHs (and carbonaceous dust) are
formed in the outflows.

In the Red Square Nebula, extended PAH emission has been
detected (Lagadec et al. 2011), next to silicate emission fea-
tures. This would imply that the PAHs must have been formed
in an O-rich environment, hence either in the wind or the up-
per layers of the (circumbinary) disk, and then entrained into
the wind, where then extended PAH emission has been detected
(Lagadec et al. 2011). Besides the Red Rectangle Nebula, there
are also many other objects in the literature which show O and
C-rich environments, most of these objects however are post-
AGB objects (i.e., massive PNe or PNe with WC stars), and an
explanation following the Red Rectangle is generally accepted.
However, there are some other cases where O-rich and C-rich
circumstellar compounds are present and a change in the C/O
ratio in the ejecta has been found. These include some massive
red supergiants (Sylvester et al. 1994) as well as some LBVs
(Voors et al. 2000; Guha Niyogi et al. 2014).
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4.4. The optical spectrum: molecules and atomic ions

The optical spectrum in the Red Rectangle is dominated by
broad ERE which is said to be indicative of large molecu-
lar emission stemming from either photo-luminescent processes
of silicate particles or carbonaceous grains (Witt et al. 1998;
Mulas et al. 2004; Wada et al. 2009). Superimposed on the ERE
are narrow emission bands. In this region, two of the emission
bands were identified as C, Swan-bands (Wehres et al. 2010).
Some of these emission bands were also compared to the dif-
fuse interstellar bands (DIBs), molecular features which are
usually seen in absorption in diffuse interstellar clouds. The
Red Rectangle seems unique in this respect as it shows the
same molecular features (DIBs) seen in emission (Sarre 1991;
Scarrott et al. 1992; Sarre et al. 1995; Van Winckel et al. 2002;
Wehres et al. 2011). However, the Red Square nebula is lacking
those unique emission features detected in the Red Rectangle
environment, and DIBs are only seen in absorption. Most likely
the DIBs are due to interstellar matter towards the line of sight
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Fig. 12. Bandheads for the overtone transitions of the CO (0-2), (1-3) and (2—4) vibrational transitions are shown. In addition we show the
simulation for the next higher energetic transition (CO (3—5)). The simulations are plotted in red on top of the observational data (black), assuming
LTE conditions. The five panels — from top to bottom — show increasing temperatures. The intensities of the CO bandheads is reproduced best with

a temperature of roughly 3000 K.

of the Red Square, although one particular IR DIB has been
argued to arise from circumstellar material in the nebula itself
(Zasowski et al. 2015).

An overview of the X-shooter spectrum is given in Fig. 2.
The ERE is completely absent and most of the emission lines
could be identified coming from atoms or singly charged cations.
Of these emission lines, most come from HI or Fell emis-
sion lines. The only molecular species identified in the Red
Square X-shooter spectra is CO. The ISO spectra however
show emission line characteristics of PAHs and silicates. We
also searched for molecular emission that previously has been
identified in the Red Rectangle and/or in the ISM. In partic-
ular we looked for: H, (Rosenberg et al. 2013), CN, CH, C,
(van Dishoeck & Black 1989; Hobbs et al. 2004; Wehres et al.
2010), CH* (Carrington & Ramsay 1982; Hobbs et al. 2004),
C; (Maier et al. 2001), NH (Hofzumahaus & Stuhl 1985), OH*
(Loomis & Brandt 1936), HCO (Scherer & Rakestraw 1997),
H,0" (Gan et al. 2004), SH (Ramsay 1952), SH* (Civis et al.
1989), CO™ (Wu et al. 2008; Vujisic & Pesic 1988). It is intrigu-
ing that the Red Square Nebula shows no signature of molec-
ular emission lines other than CO, as well as emission lines
of very large species such as PAHs and silicates. The Red
Rectangle however, shows the whole spectrum from smaller to
larger molecules.

5. Conclusions and implications

Most of the emission lines in the Red Square Nebula could be
identified and a classification of the origin of the emission lines
has been attempted, for instance, originating in a rotating, and
dense disk, in the low density nebula, in a fast stellar wind,
or in shocked gas. We summarize specific lines that are probes
of different physical and chemical environments in MWC 922:
firstly, the HI recombination lines probe the photosphere of the
disk and also the extended nebula. Among those, the HS and
He lines show a clear P Cygni profile probing the fast outflow-
ing shell of gas in the nebula. The narrow cores of the [FeII]
lines are likely to originate in the disk photosphere but the broad
[Fe1r] emission component is likely associated with shocks in
the outflow cones, probing stellar winds. Extended, nebular [O 1]
on the other hand is likely associated with shocks. According
to Hollenbach & McKee (1989) is the combination of [O1] and
[Fe1r] lines a good tracer of shocks in general. In addition, the
[O1] line measures the ionization zone that separates the ionized
photosphere from the underlying, molecule-rich dusty disk. In
the disk we find the CaTll emission lines, exhibiting a clear dou-
ble peaked profile, indicative of a disk in rotation. The disk is
also rich in PAH and silicate emission features. Lastly, the [N 1]
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Fig. 13. Bandheads for CO (0-3), (1-4), (2-5), (3—6), and (4—7) vibrational bands are detected. This is based on the definite identification of
CO (3-6) at 1620 nm. The simulations are plotted in red on top of the observational data (black), assuming LTE conditions. A temperature of
roughly 3000 K in the simulation matches the observational band strengths best.

Table 4. CO column densities.

Transition ‘ F, (erg s™' cm™2 arcsec?) ‘ Einstein A (s™1) ‘ Column density (cm™2)
Av=2

CO (0-2) 6.79 E-12 + 1.4E-12 5.5E-1 4.87E13 £ 9.7E12

CO (1-3) 9.86 E-12 + 2E-12 1.63 2.43E13 + 49E12

CO (2-4) 2.27 E-12 + 4.5E-11 3.21 2.87E12 + 5.7E11
Av =73

CO (0-3) 6.94 E-13 + 3.5E-13 8E-3 3.68E13 + 1.8E13

CO (1-4) 441 E-13 + 2.2E-13 3.4E-2 4.16E12 + 2.1E12

CO (2-5) 6.31 E-13 + 3.1E-13 8.9E-2 3.07E12 + 1.5E12

CO (3-6) 5.71 E-13 + 2.9E-13 1.77E-1 1.42E12 + 2.8E11

Extrapolated CO column densities

COv=0 8.5E14 = 1.7E14

COv=1 2.0E14 + 4.0E13

Total CO 1.7E15 + 3.4E14

and [S 11] forbidden lines originate in low density, but fairly hot
nebular gas.

In Fig. 17 we present a schematic on the Red Square Nebula
showing the detected emission lines and their origin within the
Red Square Nebula. Extended PAH emission is shown. In the
disk we also locate CalI lines and CO band emission, as well as
H1and O1. H1is found in the photosphere of the disk, whereas
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O1 traces the ionization zone separating the ionized disk gas
from the underlying molecular zone. The plethora of forbidden
lines, including the [Fe1r], [N11], [S1I] as well as [Call], and
other trace elements, are good tracers of the low density nebu-
lar environment. Plenty of the FeII lines show a broad emission
base, indicating fast stellar winds. In total, four of the HT re-
combination lines that are detected show P Cygni profiles, again
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Fig. 14. Rotation diagram for the two CO overtone transitions Av = 2 and Av = 3. The resulting temperatures are 2140 and 3200 K.
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Red Rectangle

Fig. 15. Left panel: Red Square Nebula from Mt. Palomar H-band adaptive optics (Tuthill & Lloyd 2007). Right panel: Red Rectangle Nebula
using the HST PC and WF cameras applying different filters (Cohen et al. 2004). The figure highlights the similarities in morphology between

these two striking objects.

indicative of outflowing material in an expanding shell of gas.
We conclude that the physical and chemical conditions in the
Red Rectangle and Red Square Nebula are very distinct, de-
spite the similar morphology, such as the ladder-rungs in the out-
flowing material, the X-shaped bicones, the placement of knots,
and the detailed comblike structures at the termination of the

outflow cones. However, we argue that the forces driving the
morphology of the Red Square are similar to those in the Red
Rectangle Nebula. We speculate that, like the Red Rectangle, the
Red Square Nebula also consists of a binary star system. This in-
teraction would explain the formation of a cicumbinary disk and
the outflow cones, including the ladder-rung structures.
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Fig. 16. Comparison of the near-IR — mid-IR ISO spectrum of the Red Square Nebula (upper panel) and the Red Rectangle Nebula (lower panel).
The Red Square shows stronger emission features of crystalline silicates, whereas the Red Rectangle shows stronger emission of PAHs (polycyclic
aromatic hydrocarbons).
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Fig. 17. Identified emission lines are depicted schematically. The Red Square image has been taken by Tuthill & Lloyd (2007). According to our
analysis we place the identified emission features according to their location in the nebula.
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