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Abstract. This contribution presents new results on two members of the class of post-Red
Supergiants, IRAS 17163-3907, the central star of the Fried Egg nebula and IRC +10420. New
optical spectra in the blue spectral range confirm their spectral type to be of A-supergiant
class. Our VLTT/GRAVITY K-band interferometry reveals that the neutral Na 1 2.2 pm line
emitting region is smaller than that of the hydrogen Brvy emission. This can be explained with
the hydrogen emission the result of collisional excitation populating the higher levels in a neu-
tral region instead them being populated through recombination in an ionised environment as
mostly inferred in stellar winds. Finally, the central star of the Fried Egg nebula, has undergone
3 distinct mass loss episodes over the last hundreds of years. As it is likely that at least the
last mass loss event occurred when the star was already a Yellow Hypergiant and not a Red
Supergiant, we put forward the bi-stability mechanism as explanation for the mass loss.

Keywords. stars: evolution, stars: mass-loss, stars: AGB and post-AGB, stars: individual: IRAS
17163-3907; IRC+10420, circumstellar matter

1. Introduction

The post-Red Supergiant (post-RSG) stars are evolved massive stars that are moving
to the left in the HR diagram. Although occupying similar locations in the HR diagram,
they are different from the Yellow Hypergiants (YHG) by having massive dust shells
betraying a previous mass losing phase which has been identified with the RSG stage.
At present their ultimate fate is not overly clear. They may evolve to higher tempera-
tures to become Luminous Blue Variables, Ble] supergiants or Wolf-Rayet stars, or even
“bounce back” from what has been coined to be the Yellow Void or White Wall and
move back to cooler temperatures (see reviews by de Jager 1998; Oudmaijer et al. 2009;
Gordon and Humphreys 2019). Not many such objects are known, and in this contri-
bution we highlight our recent work on the objects IRAS 17163-3907 and TRC +10420
presented in Koumpia et al. (2020) and Koumpia et al. (2022) respectively. IRC +10420
had been known for a long time to be a massive evolved object (Humphreys et al. 1973;
Jones et al. 1993; Oudmaijer et al. 1996), while despite its IR brightness, IRAS 17163-
3907 (or Hen 3-1379), the central star of the Fried Egg Nebula was only recognised
relatively late to be of massive nature (Lagadec et al. 2011). Below we will focus on the
optical spectroscopy and near-infrared spectro-interferometry we have obtained.

2. Stellar Temperatures

The optical spectra of both objects are swamped with emission lines in the red part of
the spectrum. Wallstrém et al. (2015) compared the emission line spectra of both objects
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Figure 1. Blue optical spectra of of Hen 3-1379 and TRC+10420 obtained with X-Shooter and
as presented in Koumpia et al. (2020) and Koumpia et al. (2022) respectively. Data have been
rebinned to improve the signal-to-noise, are continuum normalised and offset by increases of 1.
For reference spectra of spectral standard stars from Bagnulo et al. (2003) are plotted. Both
objects have a spectrum consistent with a mid-A supergiant spectral type.

and find a striking similarity. Given the relative faintness and red colours of the objects,
not many blue spectra have been published. It is in this spectral region that the emission
lines are less prominent or absent, allowing spectral typing to be done. For IRC 410420,
using the only blue spectrum published up until Koumpia et al. (2022), Oudmaijer (1998)
was able to assign an A-supergiant type, while, based on the same data, in a dedicated
study Klochkova et al. (1997) computed a temperature of 8500 K. For the Fried Egg,
Koumpia et al. (2020) determined a similar spectral type based on the only blue spectrum
so far. In Fig. 1 we show X-Shooter data of both objects and compare them with those
of several spectral standard stars. The spectra of both objects are similar and can be
assigned a similar spectral class. The IRC 410420 spectrum was obtained in 2009, and
is presented in Koumpia et al. (2022). It does not show any significant variations with
respect to its spectrum taken 15 years earlier, signifying that its earlier observed rapid
increase in temperature (2000 K in 20 years - Oudmaijer 1998) has halted.

3. VLTI/GRAVITY data around Brv and Na 1

We observed both objects with near-infrared interferometry in the K-band spectral
region using VLTI/GRAVITY. In Fig. 2, we show the spectrum as well as their visi-
bilities at the longest baseline (~120 m). To recap, a visibility of 1 would indicate an
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Figure 2. The GRAVITY spectra and visibilities at the longest baselines (~120 m) which are
sensitive to the smallest scales for the IRC+10420 (top) and Fried Egg (bottom). Note that in
both cases the central source is barely resolved and is identified with the star, while the Na 1
doublet at 2.2 ym appears to come from a smaller emitting regions than Bry at 2.16 pm.

unresolved point source (roughly 2 milli-arcsec in the present data) within the field-of-
view of the interferometer, while the lower the visibility, the more extended the source is.
In both cases, the continuum appears unresolved and traces the stellar continuum, while
also in both cases, the Na I emission region is smaller than that of the hydrogen emission.
It may be interesting to note that although rare, Na 1 2.2 um doublet emission appears to
be present in the spectrum of many YHGs (IRC+10420, HD 179821, HR 8752, and p Cas
(Lambert et al. 1981; Hrivnak et al. 1994; Hanson et al. 1996; Oudmaijer and de Wit
2013). Various explanations for the origin of the Na 1 2.2 ym doublet emission are dis-
cussed in literature (for an overview see e.g. Oudmaijer and de Wit 2013), the spatial
information here helps us to constrain the various models.

We would like to draw attention to the fact that the neutral sodium’s emission region
is smaller than that of the hydrogen, Brvy, emission. The puzzling issue here is that
we have very strong hydrogen emission from a relatively cool star, while in addition,
neutral sodium originates from inside the hydrogen emitting region. The latter is counter-
intuitive, generally it is assumed that hydrogen emission is due to recombination. This
of course implies that the hydrogen has to be ionised to begin with, yet the ionisation
potential of sodium is much lower than that of hydrogen (5.1 eV versus 13.6 eV). So the
question arises why Na would be neutral while it is located closer to the star than the
ionised hydrogen.

A solution could be that the hydrogen emission is not due to recombination, but due to
collisional excitation; in regions of high density, collisions can excite electrons to higher
energy levels, while their de-excitation can give rise to line emission without the need
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Figure 3. Left: 10 pm VISIR image of the Frieg Egg nebula adapted from Lagadec et al.
(2011). The presence of two separate shells is readily visible. Right: the radial profile reveals the
presence of 3 resolved shells.

for ionisation, and thus occur in a neutral region. We explored this notion using simple
LTE models and are able to explain the 2 pm observations of the Fried Egg for the size
scales and emission line strengths (Koumpia et al. 2020). The next step is to approach
this with kinematic modelling and ultimately to arrive at a description of the immediate
circumstellar environment of the stars.

4. Variable mass loss

The 10pum diffraction limited images that led Lagadec et al. (2011) to introduce the
name “Fried Egg” (see Fig. 3) already reveals a discontinuity in the dust density distribu-
tion. In fact, the radial profile of the emission (also in the Figure) reveals the presence of
3 distinct shells, which all have kinematic ages less than hundreds of years. The simulta-
neous modelling of the object’s spectral energy distribution and the spatial information,
revealed that these shells can be understood in terms of short periods of enhanced mass
loss (Koumpia et al. 2020). These mass loss periods were preceded by a much earlier
period of mass loss which is traced on larger scales by Herschel observations at longer
wavelengths (Hutsemékers et al. 2013).

An outstanding question is what could lead to these short bursts of mass loss.
Traditionally, in the case of Yellow Hypergiants, pulsational instabilities have been pro-
posed to do so (e.g. Lobel et al. 1994), however not much is known about any photometric
or spectroscopic variability of the central star of the Fried Egg nebula that could reveal
information about its pulsational properties. Instead, it could be argued that the object
has remained fairly stable in its spectral appearance and photometry since Lebertre et al.
(1989). As the innermost shell has a kinematic age that is comparable to the time that
has lapsed since Lebertre et al. (1989)’s observations, it is reasonable to assume it was
ejected when the star was of A-spectral type.

This inference led us to consider an alternative mass loss mechanism which is due to
the so-called “bi-stability jump”. This mechanism is known to occur around 20,000 K. At
this temperature, the ionisation stage of iron changes from Fe 1v to Fe 111. The line opacity
of iron far exceeds that of the more abundant H and He, and is the main contribution to
the opacity responsible for driving winds of hotter stars. As the opacity depends on the
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ionisation levels, any change in temperature around this ionisation boundary will result
in different wind properties. For example, a slight decrease in temperature across the
“bi-stability” jump, will lead to recombination of Fe, leading to a larger wind density
and smaller wind velocities by a factor of 2. This has been well-studied for the “first”
bi-stability jump at T ~ 20,000 K, however, a “second” bi-stability jump, which thus far
has not received much attention, is expected to occur at T ~ 8800 K.

The A-supergiants under consideration here straddle the temperature range of the
second bi-stability jump (the temperature at which the dominant ionisation stage of iron
changes from triply to doubly ionised, Vink et al. 2000, 2001; Petrov et al. 2016). Koumpia
et al. (2020) pointed out that a similar change in mass loss could arise as for the, much
better known, first bi-stability jump (Vink et al. 1999) that occurs at temperatures of
order 20,000 K.

As even slight changes in temperature can lead to comparatively large changes in mass
loss rates in the Yellow Hypergiant spectral type range, the observations of very recent
mass loss episodes for the central star of the Fried Egg nebula means that this relatively
unexplored “second” bi-stability jump warrants further study.

5. Concluding remarks

New spectral and near-infrared interferometric data on key post-Red Supergiants
allowed us to reach several conclusions:

e The optical spectra of both the central star of the Fried Egg nebula and IRC +10420
are remarkably similar in both their emission line spectrum in the red, as are their absorp-
tion line spectra in the blue spectral range. Both have spectral types corresponding to
A-type supergiants. IRC +10420 appears not to have changed its spectral type since 1994
signifying it has halted its previously observed blueward evolution in the HR diagram.

e The VLTI/GRAVITY K-band interferometry reveal an unresolved continuum for
both stars which we identify with the stellar photospheres. Any extended K-band emission
due to thermal emission from dust falls outside the interferometer’s field-of-view. The
neutral Na 1 at 2.2 pum line emitting region is smaller than that of the hydrogen Brvy
emission. This can be explained with the hydrogen emission being due to collisional
excitation populating the higher levels, followed by de-excitations instead of the usually
assumed recombination in an ionised gas. Simple LTE model approaches can reproduce
the line strengths and the respective size scales.

e Hen 3-1379, the central star of the Fried Egg nebula, has undergone 3 distinct mass
loss episodes over the last hundreds of years. As it is likely that at least the last mass loss
event occurred when the star was already a Yellow Hypergiant and not a Red Supergiant,
we put forward the bi-stability mechanism as explanation for the mass loss.
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Discussion

JESUS MAafz APPELANIZ: I checked Gaia EDR3 and find that the distance to IRAS
17163-3907 is 5 kpc, but with a large errorbar.

RENE OUDMALJER: It is indeed. The pre-Gaia distance to the object was mainly based
on the kinematic distance of both object and interstellar absorption lines and the large
interstellar extinction value. This led to a distance of 1 kpc, which happens to be con-
sistent with the Gaia DR2 distance. 1 kpc already results in a luminosity that is half a
million times solar, so 5 kpc would really give an extremely large value for the brightness.

SALLY OEY: Do you have kinematic info on the Brvy and Na 17

RENE OUDMALJIER: Yes, however, Bry might be affected by possible P Cygni absorption.
We have LSR velocities for Na (25 km/s), CO mm (18 km/s), H30« (21 km/s) and
interstellar KI (-32, -10, 6), many pointing at large distances indeed.

SALLY OEY: Thanks, was wondering whether there was an offset between them, but
apparently not interesting.

ALEXIS QUINTANA: Following Maiz Appelaniz’ question, I remember that Bailer-Jones’s
last catalogue gives two distances typically, including photogeometric distances. If 1
remember correctly these set of distances take extinction into account. Since this object
has a very high extinction (Ay = 11 mag), could the photogeometric distance be more
reliable, or are the uncertainties too high as well?

RENE OUDMAILJER: That is a good point - however the distances that take into account
reddening etc may work well for the 99.999% of normal stars in the Galaxy, but I have
learned the hard way that they do not work well for objects that are a-typical. It will be
interesting to see how DR3 and later will deal with such objects.
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