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Abstract Imaging studies with the Very Large Array (VLA) have revealed H I emission associated with
the extended circumstellar shells of red giants. We analyze the spectral map obtained on Y CVn, a J-type

carbon star on the Asymptotic Giant Branch. The HT line profiles can be interpreted with a model of

a detached shell resulting from the interaction of a stellar outflow with the local interstellar medium.

We reproduce the spectral map by introducing a distortion along a direction corresponding to the star’s

motion in space. We then use this fitting to simulate observations expected from the Five-hundred-meter

Aperture Spherical radio Telescope (FAST), and discuss its potential for improving our description of

the outer regions of circumstellar shells.
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1 INTRODUCTION

Asymptotic Giant Branch (AGB) stars are undergoing
substantial mass loss, and are often surrounded by ex-
tensive circumstellar envelopes. This phenomenon dom-
inates the last phases of life for the majority of stars, and
is important for the evolution of the interstellar medium
(ISM) and, more generally, for the chemical evolution of
galaxies.

The injection of stellar matter in the ISM occurs at
large distances from the central stars in regions where
molecules (apart from possibly Ha, Morris & Jura 1983)
have not survived photodissociation by ultraviolet (UV)
photons of the interstellar radiation field. Dust (Cox et al.
2012), Ho (Martin et al. 2007) and atomic hydrogen (HT,
Gérard & Le Bertre 2006) are the main tracers of these
regions. Only the latter provides the high spectral reso-
lution which is needed for describing kinematics in these
regions. However, the emission is weak and often con-
fused by competing emission from the ISM on the same
lines of sight.

Several sources have been detected in HI by the
Nangay Radio Telescope (NRT; Gérard & Le Bertre
2006), the Very Large Array (VLA; Matthews et al.
2013), and the Green Bank Telescope (Matthews et al.
2015). In general the H 1 emission is observed with a nar-
row line profile (<5km s~1), sometimes accompanied
with a wider component (Gérard & Le Bertre 2006). The
narrow line profiles provide direct evidence for the slow-
ing down of stellar winds by their local ISM. The broad
components should trace the central regions of the out-
flows. Furthermore, the images often reveal a “head-tail”
morphology (Matthews et al. 2008) indicating a distor-
tion of the external shells resulting from the motion of
the star through the ISM.

The new generation of radio telescopes that is un-
der development is expected to transform this field of
research, thanks to their high sensitivity and improved
spatial resolution. In particular, the Five-hundred-meter
Aperture Spherical radio Telescope (FAST) has a combi-
nation of angular resolution and sensitivity to large-scale
emission that is well-matched to the needs for studying
H1 shells around nearby (< 1 kpc) AGB stars. To exam-
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ine this potential, we selected one source well character-
ized in H1 thanks to observations obtained with the NRT
and VLA. In particular the VLA data allow us to prepare
simulations of what could be obtained with FAST.

2 YCVN

Y CVn is a carbon star of the peculiar J-type, i.e. with
a relatively high 13C abundance (12C/'3C = 4; Abia &
Isern 1997), and no evidence of technetium (Little et al.
1987). Basic parameters have been compiled in Table 1.
For the distance, we adopt the parallax from Hipparcos
(van Leeuwen 2007), and scale all other parameters to
the corresponding distance. The Infrared Astronomical
Satellite (IRAS) has revealed a detached shell (Young
et al. 1993), which has been imaged at 90 pm by the
Infrared Space Observatory (ISO) (Izumiura et al. 1996).
At a distance of 321 pc, it appears with an inner radius
of 0.26 pc (2.8") and outer one of 0.48 pc (5.1"). The CO
line profiles indicate a wind with an expansion velocity
~8kms~!. The mass loss rate in Table 1 is taken from
Knapp et al. (1998) and scaled to the adopted distance.

Le Bertre & Gérard (2004), observing with the NRT
(beamwidth: 4’ in right ascension and 22’ in declina-
tion), reported HI emission at 21 cm in a line peaking
at ~20.5kms~ !, close to the centroid of the CO line
(cf. Table 1). The line profile is composite, with a nar-
row component of width ~ 2.9 km s~ Full Width at Half
Maximum (FWHM), and a broad component of width
14.3km s~ 1. The narrow component has been interpreted
as evidence of the slowing down of the wind revealed by
the CO emission, and detected in HT through the broad
component.

Libert et al. (2007) developed a spherical model in
which the stellar outflow is abruptly slowed down from
~8kms~! to ~2kms™! at a termination (or reverse)
shock which is located at the inner radius (7j,) of the
detached shell as revealed by infrared (IR) images. The
forward shock, where external matter is compressed by
the expanding shell, is located at the outer radius (7oyt)
of the IR detached shell. In this picture, a detached shell
is formed by compressed stellar and interstellar material
separated by an interface located at r¢, where the two
media are in contact (Lamers & Cassinelli 1999). This
approach allowed Libert et al. to fit the HT line profiles
obtained at various positions with the NRT. Some tech-
nical details are given in the Appendix.

Y CVn has been observed in H1 with the VLA in
D configuration (i.e. with baselines up to 1.0km) by
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Table 1 Properties of the Central Star

Y CVn Reference

C5, 4J(N3) General
Variable Stars (Samus+
2007-2013)*

Spectral type Catalogue  of

Pulsation period (d) 157 idem

Tor (K) 2760 Bergeat et al. (2001)

d (pc) 321 Hipparcos (van Leeuwen
2007)

Vier(kms—1) 21.1 Knapp et al. (1998)

Vexp(kms™1) 7.8 idem

M (Mg yr—1) 24x10~7 idem

Vap(kms—1), PA (°) 35.4,30.1
Var(kms—1) 20.6

Matthews et al. (2013)
Le Bertre & Gérard (2004)

Notes: ! fip://cdsarc.u-strasbg.fr/pub/cats/B/gcvs.

Matthews et al. (2013, M2013). They present a map with
a much better spatial resolution (~ 1’) than that offered
by the NRT. The H1 shell appears offset with respect to
the star position by ~ 1’ in a direction opposite to the
stellar motion. It shows a broken ring structure with a
dearth of emission ahead of the star. The spatially in-
tegrated emission globally coincides with the IR emis-
sion at 90 um detected by ISO, even though it differs in
some details (M2013), in particular with a less circular
and more clumpy H I emission.

Although the integrated line profile agrees with that
used by Libert et al. (2007), the original model developed
by Libert et al. does not agree well with the spatial distri-
bution of the H 1 emission observed at the VLA (M2013).
However using the same modeling approach, but adjust-
ing the mass loss rate and the duration, Hoai (2015) could
obtain a better fit of the circularly symmetrized HT emis-
sion.

3 Hi MODELING OF THE VLA SPECTRAL MAP

A spectral map based on the observations of M2013 was
derived by extracting spectra over a grid of 14’ x 14/, cen-
tered roughly on the star with steps of 50” in right as-
cension and declination, corresponding to approximately
one beam diameter. The channel width corresponds to
1.28kms~!. The spectral map is shown in Figure 1
(black lines).

We start from the spherical model developed by
Libert et al. (2007), and improved by Hoai et al. (2015).
The stellar effective temperature is larger than 2500 K
(cf. Table 1), implying that hydrogen is mainly in atomic
form in the atmosphere and outwards (Glassgold &
Huggins 1983). We adopt a constant mass loss rate, with
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Fig.1 Y CVn: comparison between the spectral map observed at the VLA (black lines) and the synthesized spectral map (red
lines). The steps are 50" in right ascension and declination. The grid is centered on the stellar position.
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Fig.2 Spectrum obtained by the VLA on the stellar position (enlargement of the central spectrum in Fig. 1). The horizontal bar
represents the velocity range covered by the CO emission (21.147.8 kms™ '), and the dashed line the fit discussed in Sect. 3.
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Table 2 Parameters used for the H1 Modeling (d = 321 pc)

M (Mg yr—1) 1.3x10~7
Duration (yr) 7x10°
Vexp (kms™1) 8.0

rin (arcmin, pc) 2.8,0.26
r¢ (arcmin, pc) 4.0, 0.37
T'out (arcmin, pc) 5.1,0.48
Temperature index —6.0

a value as close as possible to that obtained from CO
estimates (Table 1), and assume that all hydrogen is in
atomic form. For the expansion velocity of the free wind
we adopt the value obtained from the CO line profile. An
arbitrary temperature profile is adopted between the two
limits, rj, and 7o,¢, with a logarithmic dependence from
Tin to 7¢, and a constant temperature from 7¢ to 7oyt.

As explained in Section 2, the circularly sym-
metrized HT emission can be reproduced with the Libert
et al. model, subject to a reduction of the mass loss rate
(by a factor of 2 relative to the estimate from CO data)
and a corresponding increase of the duration for the de-
tached shell formation (Table 2, Hoai 2015). An aver-
age mass loss rate lower than the present day value may
mean that the hypothesis of a constant mass loss rate over
~ 10%yr is too simplistic. (However, the change that is
now implied is much less than the one of about two or-
ders of magnitude, initially suggested by Izumiura et al.
(1996).)

In order to reproduce the distortion in the direction
of motion observed in the VLA image of Y CVn, we
also apply a geometrical factor to the distance of each
parcel of gas from the central star, such that the mor-
phology becomes elongated along this direction. For that
purpose, we apply a factor (1 + asin¢), with ¢ be-
ing counted from a plane perpendicular to the direction
of motion and towards this direction. A good fit of the
spectral map (red lines in Fig. 1), obtained by a least-
squares minimization of all spectra simultaneously, gives
a = —0.17. The general trends are reproduced, although
not the details such as the broken structure of the ring.
The narrow spectral component dominates the map with
a peak flux density of ~ 10 mJy. In addition, in the cen-
tral panel of the map, one can identify two side peaks
of ~3mly at 14 and 28kms~! (see also Fig. 2), sepa-
rated by ~ 14kms™! (x22xVixp). Although at the limit
of detection (o ~ 1.3mly), they could reveal the freely
flowing stellar wind. As the line profile is not rectangu-
lar, it suggests that the corresponding region is spatially
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resolved. The size would thus be at least ~ 1’, already
much larger than the size of the region traced by CO
(~ 13", Neri et al. 1998).

4 SIMULATIONS FOR FAST

FAST has an illuminated aperture of 300 m (Nan et al.
2011). To simulate an observation of Y CVn, we con-
volve the model obtained in Section 3 by the response
of a FAST beam at 21 cm. We adopt a Gaussian beam
profile of FWHM =2.9'. The result is shown in Figure 3.

Observing Y CVn with FAST will allow us to deter-
mine the line profiles in much better detail than with the
VLA. This is important for constraining the kinematics
and physical properties of the gas in the detached shell.
It would be interesting also to search for emission out-
side the limits defined by the image obtained at 90 um by
ISO: M2013 noted that, although similar in the main fea-
tures, the HT and the ISO images differ in the details. A
spectral characterization of the differences will allow us
to better understand the coupling between gas and dust.

The high sensitivity reached by FAST would al-
low us to investigate the presence of gas emitting out-
side the velocity range defined by CO observations. In
the case of Mira, Matthews et al. (2008) report a gra-
dient of velocity along the tail with a centroid veloc-
ity trailing from +45kms~! on the stellar position, to
+22kms~! 2degrees away. Unpublished spectra from
the NRT on Y CVn suggest the presence of an HI emis-
sion between +6kms~! and +12kms~!, possibly ex-
tending south.

Finally, the freely expanding wind will be better de-
tected and in particular it should be possible to constrain
the extent of its region, which presently is only assumed
to be identical to the inner dust shell. Because the FAST
beam width is comparable in size to the inner radius of
the dust shell, a coupling of the model with HI obser-
vations should allow us to compare the relative positions
of gas and dust. From the line profile, for which we pre-
dict asymmetrical wings (Fig. 4), we can see that it is
possible to also constrain the morphology of this region
along the line of sight if a sensitivity of ~2mly over
5kms~! could be reached. The broad component is de-
tected by the VLA on the line of sight to the central star
(Fig. 2), and also when the spectrum is integrated in a
circumstellar aperture of 2.8 radius centered on the star
(M2013, fig. 16). However, the VLA data have an insuf-
ficient signal-to-noise ratio for characterizing the details
of the free flowing wind region. On the other hand, the
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Fig.3 Y CVn: simulation of the spectral map observed with FAST. The steps are 1.5 in right ascension and declination. The grid
is centered on the stellar position. For comparison, the data from the VLA have been convolved by a Gaussian beam of 2.9’ and are
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Fig.4 Simulation of the spectrum obtained by FAST on the stellar position (enlargement of the central spectrum in Fig. 3).

large collecting area of FAST can bring the high sensi-
tivity, which is needed.

Assuming a gain of 16 KJy~!

perature of 30K, a sensitivity of 10=10mly per

and a system tem-

0.1kms~! channel should be reached in 5 minutes
(Fig. 5, left panel). This spectral resolution and sensitiv-
ity are needed to explore the properties of the detached
shell. For the free-flowing region a lower spectral resolu-
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Fig.5 Same as in Fig. 4, assuming a noise corresponding to 10 mJy (1 &) per 0.1kms ™! channel (curve in left panel), and 2 mJy

per 2kms ™! channel (right panel).

tion could be allowed. The same sensitivity would trans-
late to ~ 2 mJy over 2kms ™!, enough to detect an asym-
metry between the two wings of the broad component
(Fig. 5, right panel). A 12’ x 12’ map of Y CVn, with
a 1.5 step, corresponding to Nyquist sampling, and as-
suming a single receiver, would require 5—6 hours. This
is only a rough estimate as the observing time would
depend on the availability of a multi-beam receiver, the
strategy of observation and the exact sampling used in the
observations. In particular, Mangum et al. (2007) recom-
mend a sampling of at least twice Nyquist for on-the-fly
imaging (i.e. 5 points per FWHM rather than 2). The de-
tails of the observing program should be defined in con-
certation with FAST experts.

Being a giant single-dish radio telescope, FAST will
be optimized in surface brightness sensitivity for spa-
tial structures filling its beam. It will thus be particularly
suited for revealing the inner regions of nearby (< 1kpc)
circumstellar shells which are traced by the broad com-
ponents of the H1 emission and whose sizes are expected
to be a few arcminutes. Evolved stars with large mass
loss rate (up to 10~% Mg yr=!) may be surrounded by
circumstellar shells with fast winds sweeping up the ISM
at large distances (up to 2.5 pc, Villaver et al. 2002). The
HT1 emission from these shells has been modeled by Hoai
et al. (2015), but presently has not been detected unam-
biguously, possibly due to an insufficient surface bright-
ness sensitivity.

5 PROSPECTS

Our approach is empiric, but allows us to approximately
reproduce the original VLA data. It thus can be useful for

preparing simulations of observations that could be ob-
tained with the new generation of radio telescopes. Such
simulations are useful because only a few observations
with good signal-to-noise ratio are available. The radio
telescopes presently under development will provide spa-
tially resolved line profiles of better quality for circum-
stellar shells around evolved stars, and a phenomenolog-
ical description can be useful for exploiting the new data.
However, it would be more satisfactory to have a genuine
physical modeling of these sources, not only for prepar-
ing the new observations but also for interpreting them.

An important improvement would consist in the in-
clusion of a cooling law for determining the temperature
profile of matter having crossed the termination shock
instead of using an arbitrary temperature profile. It is
important because for a subsonic wind, the kinematics
and temperature distribution are coupled, and because in
these objects the separation between the forward shock
and the reverse shock is comparable to the size of the
system.

Another improvement would consist in modeling the
effect of the motion of the star through the ISM on the cir-
cumstellar shell instead of using an arbitrary distortion of
the circumstellar shell. Villaver et al. (2003, 2012) have
developed such models. However, as shown by Hoai et al.
(2015), the temperature of the gas in these models is too
high to account for the narrow width of the observed line
profiles (which brings us back to the previous argument).
Finally, stellar evolution incorporating mass loss rate and
expansion velocity may also need to be taken into ac-
count (Villaver et al. 2002, 2012). Conversely, HT obser-
vations should help to constrain it.
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6 CONCLUSIONS

We have developed simulations that allow us to predict
HT1 fluxes and line profiles expected on a prototypical
source that could be observed with FAST. The high sen-
sitivity to HT surface brightness, which is expected from
this new facility, is opening up exciting prospects for the
observations of extended shells around nearby red giants.

An observation such as that proposed on Y CVn
would provide an excellent illustration of FAST’s po-
tential, and as well provide useful information for con-
straining wind-ISM interaction models. The high spectral
resolution should reveal kinematic effects presently not
accessible in the VLA data. The high sensitivity should
also give full access to the freely expanding wind region
(which appears truncated by photodissociation when ob-
served with molecular tracers) and allow us to constrain
its morphology.

Our approach can as well be used for generating sim-
ulations of images that will be obtained with future inter-
ferometers such as the next generation VLA (ngVLA)
and the Square Kilometre Array (SKA). However, it is
somewhat limited by the hypotheses that are presently
made (arbitrary temperature profile and distortions of the
circumstellar shells). Therefore, the development of hy-
drodynamic models would be useful, and as well, con-
siderably improve our understanding of the interaction
between stellar winds and the ISM.
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Appendix A:

A star undergoing mass loss gets surrounded by an
expanding circumstellar shell. However, at some dis-
tance, the supersonic wind interacts with external matter
(Lamers & Cassinelli 1999). It produces a shell of denser
material, which has been detected around many evolved
stars through thermal emission by dust (Young et al.
1993). For a long time the gas in these detached shells
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Fig. A.1 Sketch of an H1 detached shell. The termination shock
is located in riy, the contact discontinuity in r¢, and the forward
shock in rout. CS stands for circumstellar material, and EX for
interstellar matter incorporated in the detached shell (adapted
from Libert et al. 2007).

remained undetected, mainly because of the photodisso-
ciation of molecules by UV photons from the interstellar
radiation field. Following the detection of atomic hydro-
gen in the detached shell of Y CVn (Le Bertre & Gérard
2004) and other stars (Gérard & Le Bertre 2006), Libert
et al. (2007) developed a simple model of the detached
shell around Y CVn.

Libert et al. assume spherical symmetry, stationar-
ity and gas in atomic form, with 10 percent “He and 90
percent H. A detached shell is produced by the abrupt
slowing down of the stellar flow at a termination shock
(7in, Fig. A.1).

At this inner boundary, the gas is heated to a temper-
ature =~ Vexp2 (Dyson & Williams 1997). Beyond 1, the
gasis expanding at ~ 1/4x Vi, and then gets slower and
slower as it cools down. Libert et al. (2007) adopt a loga-
rithmic temperature profile. This assumption allows them
to write the equation of motion in a simple way, which in
this condition depends only on the logarithmic temper-
ature index. Its value is selected so as to obtain a good
fit to the HT line profiles. The outer limit (r,y;) of the
detached shell is defined by the leading shock at which
external matter is compressed by the expanding shell.
Between rj, and 7o, the detached shell is composed of
compressed circumstellar matter (CS in Fig. A.1) and in-
terstellar matter (EX in Fig. A.1) separated by a contact
discontinuity located in 7¢.

The interstellar matter which is incorporated in the
detached shell corresponds to that originally occupying
the sphere of radius 7, at the Galactic location of the
central star. The duration of the mass loss process is se-
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lected so as to fit the spatially integrated intensity of the
H1 emission, assuming a constant mass loss rate from
the central star. The equation of motion is solved nu-
merically between the two limits of the detached shell.
Temperature, velocity and density are then used to calcu-
late the line profiles for any desired position on the sky
and beam profile. Although crude, this modeling allowed
Libert et al. (2007) to reproduce the spatial distribution
and line profiles of the HT emission observed at low an-
gular resolution by the NRT, adopting a value obtained
from CO observations for the mass loss rate of Y CVn
(“present day” mass loss rate).

However, the data obtained with a better spatial res-
olution by the VLA (Matthews et al. 2013) did not agree
as well, and led Hoai (2015) to relax the mass loss rate
value, and correspondingly the age of the detached shell.
The new value is obtained through a least-squares mini-
mization on the VLA spectral map. In the present work,
we improve the quality of the fit by introducing an artifi-
cial deformation of the detached shell shape (Sect. 3).
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