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RESUMEN

Hemos realizado una comparación cuantitativa directa entre perfiles de den-
sidad radial teóricos y observados de la nebulosa planetaria NGC 6826. Para
esto, observamos la emisión ópticamente delgada de las transiciones rotacionales
13CO (1-0) y 13CO (2-1) a distancias radiales proyectadas del centro de la estrella
de 60′′ y 75′′ respectivamente. Las intensidades de las ĺıneas en el punto interior, y
los ĺımites superiores en el punto exterior son consistentes con los perfiles de den-
sidad predichos por historiales de pérdida de masa calculados a partir de modelos
de evolución estelar tomando en cuenta transferencia radiativa no-LTE y excitación
colisional en el envolvente.

ABSTRACT

We made a direct, quantitative comparison between theoretical and observed
density profiles of the planetary nebula NGC 6826. For this, we observed the opti-
cally thin 13CO(J=1-0) and 13CO(J=2-1) rotational transition lines at a projected
radial distance from the central star of 60′′ and 75′′. The line strengths and ratios
observed at the inner point, and the upper limits observed at the outer point, are
consistent with density profiles predicted by mass-loss histories computed from our
evolution models when non-LTE radiative transfer and the conditions of collisional
excitation in the envelope are taken into account.

Key Words: planetary nebulae: individual (NGC 6826) — stars: AGB and post-
AGB — stars: mass-loss

1. INTRODUCTION

The cool, molecule-rich outer envelopes of a
young planetary nebula (PN) seem to be an archive
of its mass-loss history, which can date back from
several thousands to several tens of thousands of
years into the “superwind” phase of the former ex-
treme AGB star, since ideally the density structure
of the outer envelopes remains undisturbed by the
hot wind and UV radiation that occur during the
formation process of the PN. Obviously, a study
of that archive should focus on the envelope out-
side the optical (Hα) image of the PN. In an earlier
work (Verbena et al. 2011), we used the results from
self-consistent models of similar dust-driven winds
to show,using the continuity equation, that such an
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undisturbed density profile should be dominated by
mass-loss changes and its subsequent dilution while
changes in the wind velocity have only a minor im-
pact.

Before the planetary nebula (PN) phase, and
while a star is on the upper end of the asymptotic
giant branch (AGB), it goes through a process of
strong mass-loss, caused by the formation of dust
and its subsequent acceleration due to the radiation
pressure from the star. The evolution of the mass-
loss process is shaped, over long time-scales, by the
evolution of the stellar parameters (increase of the
mass-loss rates as gravity and effective temperature
decrease), and, over short time scales, by the fluc-
tuations of the late AGB star following its thermal
pulses or shell He-flashes.

After the star leaves the AGB, the dense, slow,
dust-driven wind ceases, and is replaced by a fast,
thin and very hot wind, accompanied by a hot UV
radiation field, both stemming from the now exposed
hot core of the former giant star. Wind and radia-
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272 VERBENA ET AL.

tion begin to interact with the cool wind envelope
ejected before, and create the optical appearance of
the PN. Inside it, the shell material emits emission
lines that cool and balance the radiative energy in-
put; an inner shock-front (the inner rim of the optical
PN) marks the extent of the mechanical impact of
the hot wind, while the ionization-limit of the central
star’s radiation field marks the outer rim. Unfortu-
nately, the transition from the AGB to the young
PN is short-lived (≈ 103 yrs) and such objects are
therefore difficult to find and observe directly.

After the hot central star has begun to ionize its
surroundings, the ionization front moves ahead of
the wind-collision region, disturbing the old density
and local pressure profiles. With time, it may reach
deep inside the outermost material, causing a D-type
ionization front to advance into the inner portions of
the AGB envelope, wiping out much of the evidence
of later phases of AGB mass-loss. Hence, for the
purpose of this study it was important to select a
young, still compact PN. We also wanted to minimize
as much as possible any complications introduced by
a strong bipolarity.

In order to perform a quantitative density analy-
sis, which included determining the excitation, of an
AGB halo outside the extent of the optical PN, we
made observations of the mostly optically thin 13CO
in its two fundamental rotational transitions, J=1-0
and J=2-1 at 2.7 and 1.3 mm, respectively. Most
of the mass in an AGB envelope consists of molecu-
lar hydrogen (H2). However, a direct observation of
that molecule is very difficult. because vibrational
transitions get excited at much higher temperatures
than those found in the cool outer envelopes of PNe.
Bremer et al. (2003) did observe H2 lines using
ORFEUS-SPAS II spectra; these lines indicate the
presence of H2 and that it is likely associated with
the nebula rather than with the intervening galac-
tic gas. The present study focuses on the second-
most abundant molecule, CO, in its optically thin
isotopic variant (13CO). Since low quantum number
transitions of this molecule become excited at rel-
atively low temperatures (of the order of 10 K),we
performed a representative probe of its density pro-
file.

We used the results from concrete evolution mo-
dels with strong mass-loss. The mass-loss histories
derived from these models were diluted by the con-
tinuity equation, assuming for simplicity a constant
expansion velocity for the entire halo. This allowed
us to avoid complex hydrodynamical considerations
in this first approximation to the problem. Indeed,
the outflow velocity of a dust-driven wind does not

vary too much on short time-scales (i.e., during and
after thermal pulses). We published a more detailed
report in Verbena et al. (2011). Using the same
simple approach (assuming a constant expansion ve-
locity) we found a good agreement between obser-
vational and theoretical density profiles in a qual-
itative comparision; that is, the observed density
slopes matched our models. However, without an
absolute measure of the halo density, we could not
confirm the mass-loss rates as such, only their rela-
tive changes over time during the final (“superwind”)
phase (Phillips et al. 2009).

12CO has already been observed in PNe (Dayal
& Bieging 1996), as it generates much stronger emis-
sion line profiles. In this work, however, the empha-
sis was on obtaining accurate, quantitative evidence
of the density profile, where the much fainter but
optically thin variant of the CO molecule is of great
advantage. However, it is necessary to consider a
few complications besides the need for a much larger
integration time.

It has been pointed out that although an LTE
analysis may (or may not) be valid for CO, the same
cannot be said about its isotopic variants such as
13CO (Leung & Liszt 1976; Padoan et al. 2000) due
to uncertainties in the excitation temperature. Fur-
thermore, even though CO might be easily thermal-
ized, the same is not true for its isotopic variants; if
an excitation temperature represents the level pop-
ulations of the lower levels, it will not necessarily
represent higher levels, given the higher Einstein co-
efficient, which means a faster depopulation. For
this reason we performed a non-LTE analysis of the
chemical state and temperature structure using the
CLOUDY photonionization code. (Ferland et al.
2013). We then used the RATRAN code to model
the coupled problem of level population and radia-
tive transfer in the halo (Hogerheijde & van der Tak
2000). CLOUDY uses the escape probability approx-
imation to the line transfer problem and could po-
tentially be applied to the whole problem. But such
a treatment assumes that the local mean radiation
field is determined by local conditions alone, whereas
RATRAN uses a Lambda-accelerated Monte Carlo
method to solve the statistical equilibrium and the
local mean radiation field as a coupled and non-local
problem. We therefore consider this approach to be
much more complete and used RATRAN to calculate
the line transfer.

In the following, we first describe the observa-
tions and their results. In § 3.2, we compare the ob-
servational evidence (observed line emissions) with
homogeneous halo models (constant density and con-
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PROBING THE COOL OUTER ENVELOPE OF NGC 6826 273

TABLE 1

COORDINATES AND BASIC INFORMATION
OF THE PN NGC 6826

NGC 6826

Right ascension 19h 44m 48.1501s

Declination +50◦ 31’ 30.264”

vlsr 8.6 km/s

Distancea 1.1 kpc

Expansion velocityb 11 km/s

aSurendiranath & Pottash (2008).
bGuerrero et al. (1998).

TABLE 2

OBSERVING TIME IN HOURS FOR BOTH
POSITIONS

Band (GHz) Integration time (hours)a

60′′ 75′′

110 6 10

220 8,4.3 12,7
aThe second number after the comma is the approximate
final source time (ON+OFF) after editing the data.

stant kinetic temperature), then with (§ 3.3) den-
sity profiles prescribed by a power law of the form

n(r) = 10ni

(

r
ri

)−β

, where n(r) is the density at the

radius r, and ni is the density at the inner radius ri;
finally, we compare it (§ 3.4) with density profiles de-
rived from mass-loss histories of concrete evolution
models.

2. IRAM OBSERVATIONS OF 13CO EMISSION
FROM THE HALO OF NGC 6826

We made observations of the outer halo of NGC
6826 using the IRAM 30m telescope located at Sierra
Nevada, Spain4 in June 2011. The basic information
of NGC 6826 is given in Table 1. Since there were
no previous observation of 13CO towards this source,
the integration time was estimated based on the CO
observations of a proto-PN OH 231.8+4.2, which has
a similar size and distance as our object of interest
(Sánchez-Contreras et al. 1997). From the outer-
most position in map, we estimated an integration
time of about 10 hours per pointing by extrapolating
the strengths of the 12CO and 13CO lines and assu-
ming that the ratio of the respective line strengths

4http://www.iram.fr

Fig. 1. Image of NGC 6826. Pointing positions labeled
A and B at 60′′ and 75′′ from the central star.

does not vary much with radial distance from the
central star. In order to obtain basic density profile
information from a small number of pointings of a
necessarily very long integration time, we chose two
representative positions in the outer halo of the plan-
etary nebula NGC 6826 that were 60′′ and 75′′ away
from the central star in declination. Table 2 shows
the pointing positions and their respective integra-
tion times in hours. The positions can also be seen
in Figure 1.

The observations were made at an elevation of
about 50◦ and at a velocity, with respect to the local
standard of rest, of vlsr = 8.6 km/s. The front-end
used was EMIR5 (Eight MIxer Receiver), which al-
lows simultaneous observations of the 13CO(1-0) and
13CO(2-1) lines. The backend used was VESPA6

(VErsatile SPectrometer Array). Each line was ob-
served with a bandwidth of 120 MHz and a resolu-
tion of 80 kHz (≈ 0.2 km/s for J=1-0 and ≈ 0.1 km/s
for J=2-1). We used the wobbler switching observ-
ing mode with the maximum extent of 2 arcminutes.
The pointing of the antenna was regularly verified
with strong continuum sources close to our object;
thus, we expect it to be sufficiently accurate.

5http://www.iram.es/IRAMES/mainWiki/

EmirforAstronomers
6http://www.iram.fr/IRAMFR/TA/backend/veleta/

vespa/index.htm
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274 VERBENA ET AL.

Fig. 2. Spectra obtained at 60′′ from the central star. 13CO(1-0) and 13CO(2-1).

Fig. 3. Spectra obtained at 75′′ from the central star. 13CO(1-0) and 13CO(2-1).

All data reduction was performed using the
CLASS package, which is itself a part of the GILDAS
(Groenoble Image and Line Data AnalisyS) analy-
sis package (Pety 2005). Line calibration was veri-
fied with the source DR-21, a giant molecular cloud
in Cygnus, using a catalogue of calibrated spectra
(Mauersberger et al. 1989). The very long integra-
tion time of each pointing was acquired by a number
of read-outs of shorter integrations of 9.5 minutes.
Individual readouts affected by instrumental glitches
and bad weather (i.e., variable water vapor content)
were discarded before averaging the data. Thus,
the effective ON source time was smaller than that
given in Table 2. The resulting spectra were then
smoothed to a resolution of ≈ 1.7 km/s for J=1-0
and ≈ 0.8 km/s for J=2-1 transitions respectively.
The spectra were converted from T∗

A to Tmb units
using forward efficiencies of 0.95 and 0.86 and beam
efficiencies of 0.75 and 0.55 for 110 and 220 GHz (2.7
and 1.3 mm), respectively, as found by CLASS.

The beamwidth of the antenna was 11′′ for the
110 GHz 13CO(1-0) transition, and 22′′ for the
220 GHz 13CO(2-1) transition which translated into
a physical size, considering a distance of 1.1 kpc,
of 0.06 and 0.11 pc respectively. The pointings of
60′′ and 75′′ translated then into a physical distance
of 0.32 and 0.4 pc from the central star of the PN.
It is worth noting that the distance to NGC 6826 is
not well known. Statistical distances range between
0.7 and 1.6 kpc. The distance of 1.1 kpc that we
used was that obtained by Surendiranath & Potasch
(2008) by equating the 〈rms〉 density with the for-
bidden line density, and is well within the range of
statistical ditances.

We detected the lines of both transitions for the
innermost pointing. The 13CO(1-0) and 13CO(2-1)
transitions were detected at 2 and 1.7 σ levels respec-
tively. No line was detected for the outermost point.
However, we were able to estimate an upper limit
for the line strengths using the rms of the spectrum.
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TABLE 3

PROPERTIES OF THE OBSERVED LINES

Line Expected rms Observed rms Observed intensitya(K)
13CO(1-0) A 3.03 × 10−3 5.677 × 10−3 1.16168 × 10−2

13CO(2-1) A 3.03 × 10−3 9.523 × 10−3 1.56691× 10−2

13CO(1-0) B 8.31 × 10−3 8.992 × 10−3 2.182 × 10−3

13CO(2-1) B 8.31 × 10−3 1.031 × 10−2 4.205 × 10−3

aFor point B, we show the rms observed in the line window.

Figures 2 and 3 show the final spectra obtained us-
ing IRAM. The observed line properties are given in
Table 3. Although it is not unexpected to detect a
weak, narrow 13CO emission at the galactic latitude
of the nebula, we believe this emission comes from
the outer halo of NGC 6826, since 15′′ away from our
inner pointing we had no detection even after using
a longer integration time.

3. HALO DENSITY PROFILE: MODELLING OF
THE 13CO OBSERVATIONS

The morphology of the the PN NGC 6826 seems
spherical, as can be seen on the Hα+[NII] images
of Corradi et al. (2003). The source has an inner
region filled with ionized gas and an outer spherical
halo. The 13CO molecular emission is expected to
come from the outer halo. The analysis of observa-
tions made by Corradi et al. (2003) showed that the
inner radius of the dusty halo is about 4 × 1017 cm,
and that the outer radius is about 1.8×1018 cm from
the central star. Assuming these parameters for the
halo, we modeled the 13CO line observations, in or-
der to constrain the density and temperature profile
of the halo. In the following, the line emissions ob-
served from the outer envelope of the PN NGC 6826
are first interpreted as a simplified halo with homo-
geneous density and temperature, then as physically
more realistic models of a photo-dissociation region
(PDR) with a prescribed density profile in which the
radial profiles of temperature and molecular abun-
dance are constrained by the model.

3.1. LTE model

Useful estimates of density and excitation tem-
perature can be made by an LTE analysis. As de-
scribed in Harjunpää & Mattila (1996) and Meier et
al. (2008), column density and excitation tempera-
ture were estimated using the two observed transi-
tions from 13CO molecule.

The following are appropriate estimates
of the inner halo point: excitation tem-
perature Tex = 10.9 ± 0.4 K; optical depths

τ10 = (1.5 ± 0.5) × 10−3 and τ21 = (2.5±0.6)×10−3

for J=1-0 and J=2-1, respectively. Using these
results, we obtained a total 13CO column den-
sity of N13CO = (8.4 ± 0.3) × 1013cm−2. We
used a typical galactic 13CO to H2 ratio of
N[13CO]/N[H2] = 3.5 × 10−5, as deduced by
Frerking et al. (1982) and supported by Pineda
et al. (2008), as an approximation, although
we are aware that these values might not be
valid for a PN where the material has been pro-
cessed. We wanted to see if in fact the halo has
a detectable density profile. With this conver-
sion factor the LTE colum density translates to
NH2

= (2.3 ± 0.3) × 1018 cm−2.
For the outermost point, we used the same

analytical technique, considering that the in-
tensities are upper limits. The estimated
values are: Texc < 17.3 K, τ10 < 1.6 × 10−4,
τ21 < 3.4 × 10−4, N13CO < 2.0 × 1013 cm−2, and
NH2

< 5.4 × 1017 cm−2.
Regarding the parameters of the spherical halo,

the path length of the 13CO emitting regions at
points A and B are about 1 and 0.8 pc respectively.
Using the LTE estimates of column densities and the
path lengths, we obtained total particle densities of
0.8 and 0.18 cm−3 for points A and B, respectively.
These results indicate that the halo has a variable
density profile rather than a constant density, as in-
ferred from the models of mass-loss history (Phillips
et al. 2009).

3.2. Homogeneous halo: non - LTE model

Given the low densities estimated from the sim-
plified LTE analysis of the 13CO observations above,
we expected the line intensities to be affected by non-
LTE effects. Therefore, we used non-LTE models to
interpret the observations. In order to understand
the role of non- LTE effects, we started by consid-
ering a halo of homogeneous density and tempera-
ture. The excitation temperature and line intensi-
ties were calculated using the radiative transfer code
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Fig. 4. Contour plot of line intensities (as given by logarithmic antenna temperature in K) for homogeneous halo models,
using RATRAN, and adopting a 13CO/H2 molecular abundance ratio as given in § 3.1. The left and right panels show
the contour plot for the J=1-0 and J=2-1 transitions, respectively.

RATRAN (Hogerheijde & van der Tak 2000), al-
ways with the LAMDA molecular database (Schöier
2005). This analysis was performed for a range of
temperatures (between 10 and 1500 K) and densi-
ties (from 100.5 to 103 cm−3). The line intensities of
the homogeneous models are plotted in Figure 4 as
contours for different values of the logarithmic line
intensities (in K).

The observed line intensities towards pointing A
suggest a density of about or above ≈ 3.5 cm−3, and
a temperature between 10 and −30 K. However, the
upper limits of the line intensities obtained towards
pointing B suggest a much lower density and tem-
perature. These results again indicate the existence
of a density profile in the halo, rather than a homo-
geneous density.

3.3. Halo with a variable density profile: PDR

models

In a more realistic model with variable density
and temperature profiles, the far-ultraviolet (FUV)
radiation from the central star establishes a PDR
in the molecular halo (Tielens & Hollenbach 1985).
Thus, at any point in the halo, the temperature and
the 13CO molecular abundance are not free parame-
ters, but are physically constrained by the chemistry
and respective radiative cooling and heating rates in
the PDR.

We modelled the halo as a PDR using the
CLOUDY code. The input of the PDR models con-
sisted of the radiation field from the central star at
the inner radius of the spherical halo, and the den-
sity profile in the halo. The stellar parameters of the
central star were taken from Balick et al. (1998). We
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Fig. 5. Contour map showing line intensities (given by logarithmic antenna temperature in K) as predicted by halo
densities following a simple power-law, n(r) = 10nir−β , over a range of ni, and β values for the pointings taken at a
radial distance of 60′′ (top) and 75′′ (bottom).

also included a simple interstellar radiation field, as
described in Draine & Bertoldi (1996), as well as the
CMB.

The halo density distribution is prescribed by a
simple power law of the form:

n(r) = 10nir−β (1)

where n(r) is the density at the radius r, ni is
the density at the inner radius ri, and the expo-
nent β models the radial decline. For these calcu-
lations, the elemental abundances were taken from
Surendiranath & Pottasch (2008). Furthermore,
these CLOUDY calculations consider the warm dust
continuum of the dust grains of a typical ISM and
the PAHs (Mathis et al. 1977). Our CLOUDY runs
yielded temperature and abundance profiles for each

model. The H2 and 13CO abundances were of spe-
cial interest for us; we used them as input to the
RATRAN code to solve the line radiative trans-
fer problem using the LAMDA molecular database
(Schöier 2005).

We built over 200 models to compare their results
with the observed line intensities. The range of cal-
culated models covered a parameter space of ni from
1 to 5.5 and β from 0 (constant density) to 4 (steep-
est slope). Figure 5 shows contour plots based on
these results; they are similiar to those of Figure 4,
except that now the line intensities are a function of
the initial density ni and the β parameter.

In order to constrain the best fitting ni and β
values, we plotted the observed line intensities and
the χ2 contours in Figure 6. The colors white, light
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Fig. 6. χ2 contour plots for the line emissions in the two pointings. The top left plot is for the 13CO(1-0), the top right
one for the 13CO(2-1) line, and the bottom one is for both lines together. The white areas within the contour represent
a confidence level of above 63%, the light grey of 95%, and the dark grey of 99%. Solid lines represent the respective
χ2 contours at 60′′, dotted lines at 75′′.

grey and dark grey, indicate confidence levels of 63%,
95% and 99%, respectively. We could constrain the
parameter ni (between about 2 and 3.5), but because
of the non-detection at the outer point, it was more
difficult to constrain β.

Consequently, we used a different method to con-
strain the β parameter. The emerging line intensities
can be calculated for any point in the envelope for
any given density and temperature profile. This al-
lowed us to plot the line intensities as a function of
the distance from the center (see Figure 7) and to
compare them directly with the observed intensity
at 60′′ and the upper limit at 75′′. Using a β = 0.5
(first plot from the left in Figure 6) yielded an inten-
sity slope that was too shallow. In other words, the
outer pointing should have resulted in a detection.
Acceptable slopes (consistent with a non-detection
in the outer halo pointing) are found above a value
of β of 2.5, as can be seen in the bottom panel in

Figure 6. These plots provide a further constraint of
β

∼

> 2.5.
In Figure 8 the radial dependence of the line in-

tensities is plotted for different β values and differ-
ent densities, corresponding to the 68% confidence
region of the best fit. The top panels show the
J=1-0 observations and also show that the best fit-
ting model allows densities of ni = 3, β > 3. Simi-
larly, using the results of the J=2-1 transition shown
in the bottom panels allowed density values higher
than 3.

3.4. Density profiles from mass-loss histories of

evolution models

To test the validity of our evolution models with
strong mass loss in the final AGB “superwind”
phase, we performed an analysis using density pro-
files derived directly from mass-loss histories ob-
tained in those conditions. We used the results of



©
 C

o
p

y
ri

g
h

t 
2

0
1

6
: 
In

st
it
u

to
 d

e
 A

st
ro

n
o

m
ía

, 
U

n
iv

e
rs

id
a

d
 N

a
c

io
n

a
l A

u
tó

n
o

m
a

 d
e

 M
é

x
ic

o

PROBING THE COOL OUTER ENVELOPE OF NGC 6826 279

 β =0.5

distance (arcsec)

lo
g 

lin
e 

in
te

ns
ity

 (
K

)

60 70 80 90 100 110 120

−
5

−
4

−
3

−
2

−
1

0

ni =1.5

ni =2.5

ni =3.5

ni =4.5

 β =1.5

distance (arcsec)

lo
g 

lin
e 

in
te

ns
ity

 (
K

)

60 70 80 90 100 110 120

−
6

−
5

−
4

−
3

−
2

−
1

0

ni =1.5

ni =2.5

ni =3.5

ni =4.5

 β =2.5

distance (arcsec)

lo
g 

lin
e 

in
te

ns
ity

 (
K

)

60 70 80 90 100 110 120

−
8

−
6

−
4

−
2

0

ni =1.5

ni =2.5

ni =3.5

ni =4.5

 β =3.5

distance (arcsec)

lo
g 

lin
e 

in
te

ns
ity

 (
K

)

60 70 80 90 100 110 120

−
8

−
6

−
4

−
2

0

ni =1.5

ni =2.5
ni =3.5

ni =4.5

Fig. 7. Line intensity (given by antenna temperature in K) as a function of the distance to the central star in arcseconds
for different values of ni. The dotted lines correspond to the J=1-0 transition and the solid lines to the J=2-1 transition.
The dots represent the actual observations: • J=1-0, ◦ J=2-1. The arrows on the observations at 75′′ indicate that this
is an upper limit.

our well-tested and calibrated evolution code based
on the work of Eggleton (1971, 1972, 1973), which
was updated and described by Pols et al. (1998), and
combined with a parameterized mass-loss prescrip-
tion for dust-driven winds as described by Wachter
et al. (2002). The most appropriate mass-loss his-
tory was derived from an evolution model of a star
with an initial mass of 2.25M⊙. As mentioned above,
the resulting density profile was derived by applying
the following the continuity equation:

ρ =
dM

dt

1

4πr2v
(2)

where dM/dt is the mass-loss rate at a given time, r
is the radius and v is the expansion velocity, which
we consider to be approximately constant (Verbena

et al. 2011). The radius was obtained by multiplying
the expansion velocity by the dynamical age of the
nebula shell. This approach has already been used by
us to make a qualitative comparison between density
profiles and observations (Phillips et al. 2009), in
which we looked only at the slopes of the emissions; a
quantitative test is still needed to obtain appropriate
observational evidence.

Figure 9 shows the density and temperature pro-
files given by CLOUDY, as well as the lines that fit
them (broken lines). The comparison was done be-
tween mass-loss histories with initial masses of 1.25
and 2.25M⊙ and varying the age over several thou-
sands of years. A mass of 2.25M⊙ and an age of
3900 years gave the best fit, i.e., the results had the
lowest t-value in the χ2 analysis.
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Fig. 8. Line intensities versus radial distance, observed (dots) and calculated for the 13CO(1-0) (top), and 13CO(2-1)
(bottom) lines with density-laws with 2.5 < ni < 3.5 and 2.5 < β < 3.5.

4. DISCUSSION AND CONCLUSIONS

Observations of 13CO(1-0) and 13CO(2-1) lines
in the halo of the PN NGC 6828 at radial distances
of 60′′ and 75′′ from the central star resulted in a
good detection at the inner pointing, but only in the
establishment of upper limits to the observed fluxes
at the outer pointing. We interpreted the detection
of 13CO and the upper limits using first a simpli-
fied, homogeneous halo in LTE. These results sup-
ported the existence of a density gradient, as well as
the necessity of considering non-LTE effects. Conse-
quently, we then applied the physically more realistic
approach of using non-LTE RATRAN and CLOUDY
models of a PDR with different, prescribed density
profiles, where the temperature and molecular struc-
ture were defined for each point of the envelope by
the balance between the radiation field and the re-
spective radiative cooling.

The lack of detection in the outermost point also
limited the results presented here. We used the rms
as upper limits; thus, it is possible that the inten-
sity at the outermost point is actually much lower.
We only considered models with slopes that repre-
sent density profiles well below this point. It is un-

likely that the slopes are much smaller, given that
all stellar evolution models result in a mass-loss his-
tory that would not suggest such a low density. If
indeed the density were much smaller, we would have
a shell with a different age for the shell, or a much
higher initial mass. Higher mass models result in
more abrupt changes in mass-loss rates, which trans-
late into steeper density profiles. In the worst case
scenario, we would need to assume a totally different
mass-loss rate and wind prescription deviating from
what is expected from evolution models. We con-
clude that it is important to continue making obser-
vations of this and other suitable objects to either
support or refute our conclusion and to refine our
evolution and wind models.

In the semi-empirical approach, the PDR-models
that best matched the observed line profiles and
intensities, as well as the upper limits of the
outer pointing, suggest that the halo has a de-
creasing density profile with a power law exponent
β > 3 and a density at the inner radius of about
300 < n < 3000 cm−3.

The observed line intensities can also be fitted by
theory-based PDR models that use the same density
and temperature profiles predicted by our mass-loss
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Fig. 9. The two top graphs show the density and temperature profiles used for the best line-fitting model. The density
profiles were derived from the mass-loss history of our evolution model for Mi = 2.25M⊙, and the temperature profiles
were subsequently computed by RATRAN. The bottom graphs show the resulting model line profiles (in red) over the
observed 13CO(1-0) (left) and 13CO(2-1) (right) lines. The color figure can be viewed online.

history models for a different stellar initial mass, un-
der the simple assumption of an approximately con-
tinuous outflow. A density profile of the outer enve-
lope of the PN produced by the mass-loss history of
a concrete evolution model (2.25M⊙) gave the best
match to our observational results.

We chose NGC 6826 as an ideal candidate, due
to its shape and giant halo. We assumed that there
was molecular material in the outer halo that we
could use to probe into the nebula’s previous mass-
loss history. The use of CLOUDY allowed us to take
into account the interstellar radiation field and the
stellar UV emission in order to obtain the molecular
abundances that we needed to trace the 13CO emis-
sion lines. Middlemass et al. (1989) observed the
nebula through visible emission lines and obtained
the electron density and electron temperature of the
halo; the latter was even higher than that of the core.
Our results seem to be in contradiction with theirs,
but the 13CO emission lines indicate that there is
indeed molecular gas within the halo. We would like

to make a more extensive analysis of this and sev-
eral other PNe to investigate further this apparent
contradiction.

We are also aware that a more realistic ap-
proach should consider a varying expansion veloc-
ity, as well as the interaction of the halo material
with the ISM. However, that would require complex
and CPU-time consuming hydrodynamical computa-
tions, which may not provide a unique answer given
the complex parameter space. For this reason, we
consider the rather simple approach described here
and its semi-empirical results as a good approxima-
tion to this complex problem. It could serve as a
guide to build other, more refined, models.

Recent observations in the infrared by the Planck
collaboration (Arnaud et al. 2015), have been as-
sociated with AGB mass-loss histories, and one of
the objects of study was NGC 6826; however, they
also considered a constant mass-loss rate during the
AGB, which was reflected in the dependence of the
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density distribution on r−2, whereas the mass-loss
history we used was based on stellar evolution mo-
dels and hydrodynamical models of stellar winds.
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