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ABSTRACT

We investigated the infrared (IR) dust emission from PN IC 418, using a detailed model controlled by a previous determination of
the stellar properties and the characteristics of the photoionized nebula, keeping as free parameters the dust types, amounts, and
distributions relative to the distance of the central star. The model includes the ionized region and the neutral region beyond the
recombination front (photodissociation region, or PDR), where the [O I] and [C II] IR lines are formed. We succeeded in reproducing
the observed infrared emission from 2 to 200 µm. The global energy budget is fitted by summing up contributions from big grains of
amorphous carbon located in the neutral region and small graphite grains located in the ionized region (closer to the central star). Two
emission features seen at 11.5 and 30 µm are also reproduced by assuming them to be due to silicon carbide (SiC) and magnesium and
iron sulfides (MgxFe1−xS), respectively. For this, we needed to consider ellipsoidal shapes for the grains to reproduce the wavelength
distribution of the features. Some elements are depleted in the gaseous phase: Mg, Si, and S have sub-solar abundances (−0.5 dex
below solar by mass), while the abundance of C + N + O + Ne by mass is close to solar. Adding the abundances of the elements present
in the dusty and gaseous forms leads to values closer to but not higher than solar, confirming that the identification of the feature
carriers is plausible. Iron is strongly depleted (3 dex below solar) and the small amount present in dust in our model is far from being
enough to recover the solar value. A remaining feature is found as a residue of the fitting process, between 12 and 25 µm, for which we
do not have identification.
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1. Introduction

Planetary nebulae (PNe), as the ultimate stage of intermediate
mass stars, are an essential provider in the chemical enrichment
of the Universe. They also generate, while in the asymptotic
giant branch (AGB) phase previously to the PN, most of the dust
present in the local Universe (e.g., Ferrarotti & Gail 2006). This
dust occults some elements from the observer, diminishing their
emission in the gas phase. When studying the chemical evolu-
tion by obtaining the total abundances in the interstellar medium
(ISM), it is necessary to account for both gas and dust abun-
dances. We note that obtaining the dust abundances is not an
easy task.

The relatively simple morphology and the great number of
observations on the PN IC 418, especially in the infrared (IR),
makes it a good object to study the dust emission. In our paper we
concentrate on the dust component of PN IC 418, which together
with the very detailed analysis of atomic gas and stellar com-
ponent in this nebula by Morisset & Georgiev (2009; hereafter
MG09) provide a quite complete model of this object. However,
we do not model the molecular component, which to our best
knowledge, is not observed in IC 418.
? Based on observations with ISO, an ESA project with instruments

funded by ESA Member States (especially the PI countries: France,
Germany, The Netherlands, and the UK) and with the participation of
ISAS and NASA.

An analysis of near infrared (NIR) maps of IC 418 has been
made by Phillips et al. (1986), finding that this nebula will need
at least two types of grains, one that will emit at longer wave-
lengths (with a larger grain radius) and another with a small
radius, that causes the excess at the NIR. Two very interesting
features are found in the infrared emission of IC 418. The first,
found by Willner et al. (1979), is an emission excess from 10.5 to
13 µm, which they suggest is due to silicon carbide (SiC) grains,
following Treffers & Cohen (1974). The second is an emission
feature at λ ∼ 30 µm, first partially (in the 16–30 µm range) found
by Forrest et al. (1981) in a spectroscopic study of carbon stars
and PNe. It is fully reported by Moseley & Silverberg (1985,
1986) and usually associated with magnesium sulfide (MgS)
grains, following Goebel & Moseley (1985).

Modeling dust emission, in particular from IC 418, has been
done by Hoare (1990). A very detailed photoionization and
stellar atmosphere model has been presented by MG09 that
reproduces the main characteristics of the nebular and stellar
emissions. More recently, Dopita et al. (2017) present a revised
model of the nebula, taking into account the presence of shocks
at the inner and outer edges of the ionized region. In this paper
we have carried out a new study of the IR dust emission for this
object, mainly based on ISO observations and using as a starting
point the MG09 model.

Obtaining a model that fits the dust emission, in the global as
well as in the detail, allow us to compute the amount of elements
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embedded in dust and compare them to the amount present in the
gaseous phase. Given that IC 418 is marginally over-solar for C +
N + O + Ne (0.1 dex above the solar value, by mass, see MG09),
we expect to obtain total abundances (gaseous phase + dust) for
Mg, Si, S, and Fe comparable to the solar values.

The structure of this paper is as follows. In Sect. 2 we
describe the observations of PN IC 418 used to constrain the
models. In Sect. 3 we present the model needed to reproduce the
continuum IR dust emission. In Sect. 4 the detailed modeling
of two special spectral features is shown. In Sect. 5 we present
the best fit model. The discussion and conclusions are given in
Sects. 6 and 7, respectively.

2. Observations

The source IC 418 is a very well observed young low-ionization
PN of size 10′′× 12′′. In this work we use observations from
the literature and from public access archive. The ISO obser-
vations were reduced using ISAP and LIA software with OLP
version 10.1, where leakage from the 13 µm region is corrected
(see Hony et al. 2002). The spectrum up to 27.5 µm was nor-
malized to IRAS photometry at 12 and 25 µm, and band 4 was
scaled to smoothly join LWS spectrum which was normalized to
the 100 µm IRAS flux. Then band 3E between 27.5 and 29 µm
was scaled to join these two parts of the spectrum. We notice
that the ISO smallest aperture is 14′′ × 20′′, thus the whole PN
is observed and no aperture effect is expected. Spitzer data are
only covering the 9.9–19.6 µm range, and are in a relative good
agreement with the ISO data (the Spitzer Infra-Red Spectro-
graph Short-High spectrum was taken through an aperture size
of 4.7′′ × 11.3′′, then only part of the nebula is observed). In the
following we only used the ISO data.

Forrest et al. (1981) give observed points from KAO, show-
ing a double peak between 25 and 30 µm, which is also seen
in the ISO data. However, Hony et al. (2002), argued that such
appearance of the 30 µm feature is a result of the instrumental
effect from the ISO spectrograph. It is not clear what is the rea-
son for the double peak structure of the 30 µm feature from the
KAO data. The fluxes reported are smaller than the ISO fluxes
by a factor of ∼1.6. Aperture size effects are not suspected to
be the cause of this discrepancy, as the KAO beam is 30′′ wide.
The ISO spectroscopic data are in a very good agreement with
the IRAS data at 12, 25, 60, and 100 µm. We also used far-
IR and radio observations at 450, 800, 801, and 1100 µm from
Hoare et al. (1992) and radio observations between 2700 and
353 000 MHz from Dixon (1970); Wright et al. (1991); Vollmer
et al. (2010); Murphy et al. (2010), and Planck Collaboration
Int. XVIII (2015).

3. The infrared continuum modeling

Previous models of the IR emission of PN IC 418 have been made
by Hoare (1990), before ISO data were available. They used a
model combining the emission of the H+ photoionized region
and the emission from a neutral region.

In a previous work, MG09 compute a detailed 3D model
of IC 418, combining a stellar model using CMFGEN (Hillier
& Miller 1998) and a photoionization model using Cloudy_3D
(Morisset 2006), based on Cloudy code (Ferland et al. 1998).
The density distribution used in MG09 was not spherical,
but rather axi -symmetrical, to reproduce the Hubble Space
Telescope (HST) images and to carefully compute the line inten-
sities as observed through different apertures depending on the
instruments used. In the present work, we will not need this

level of details because the observations we aim to fit have
been obtained by ISO spectrometers, with aperture sizes com-
parable or greater than the size of IC 418. The departure from
sphericity of IC 418 is small and using a spherical model will
decrease the CPU time without affecting our conclusions. We
checked a posteriori that increasing the position of the two den-
sity shells by 10% does not significantly change the result. A
change of a maximum of 5% in the dust emission is obtained,
no change in the shape. The abundances of the elements in
the gas are set as in the MG09 model, except for Si (see
next section). The models used in this study are obtained with
Cloudy v. 17.00 (Ferland et al. 2017) and the pyCloudy library
(Morisset 2014).

The photoionization models presented in this work are all
obtained using the stellar atmosphere model presented in MG09
(with Teff ∼36.7 K) but with a smaller luminosity of 5900 solar
luminosity, as less dust is present in the ionized region of the
present detailed model than assumed by MG09. We kept the
distance to its MG09 value of 1.26 kpc. These luminosity and
distance lead to a very good agreement between the observed
and predicted values for the radio emission reported by Hoare
(1990). On the other side, the Hβ flux is not so well reproduced
by the model. The observed value is 2.7 × 10−10 erg cm−2 s−1

(Cahn et al. 1992). Using a distance of 1.26 kpc, EB−V = 0.26,
and RV = 3.6 (MG09; Fitzpatrick 1999), a total emitted flux of
1.37 × 1035 erg s−1 is obtained, while the model predicts a value
of 1.03 × 1035 erg s−1. We did not find any way to reconcile Hβ
and radio fluxes with the same model. In their recent model of
IC 418, Dopita et al. (2017) are fitting Hβ, but they do not predict
the IR nor the radio emission. We actually prefer to fit the radio
observations, less influenced by uncertainties on the reddening
correction.

3.1. Photoionization model extended into the PDR

The H density distribution used in the models presented here
is a mean between the short- and long-axes distribution used
in MG09, namely a double shell, as shown in Fig. 1. In the
model presented by MG09, the computation is stopped when H
recombines, just behind the secondary peak. But the observation
of strong fine structure IR lines issuing from the neutral region
(namely [O I] 63 146 µm and [C II] 158 µm) indicate that the
nebula actually extends beyond the recombination front and that
a PDR region is present. The PDR properties can be constraint
using Fig. 6 of Liu et al. (2001), who determined a temperature
of 220 K and a density of 3 × 105 H cm−3 for IC 418 (we check
with the final model that none of these lines is optically thick
and that the relation is valid). This PDR also contains dust taking
part to the observed IR emission, and we needed to extend the
photoionization models to include this region. This is achieved
by allowing Cloudy to continue the computation after the
recombination front. The PDR density is ∼20 times higher than
the density of the ionized outer shell, while the electron temper-
ature is ∼35 times lower. This leads us to adopt a very simple
density law for the PDR of the form: nH(r) = n0

H × T 0
e /Te(r),

for r > Rrecomb. We set n0
H and T 0

e to their values just before
the recombination front, that is 13 000 H cm−3 and 10 000 K,
respectively.

The thickness of the PDR is determined by stopping the com-
putation when the intensity of one of the IR lines reaches its
observed value: we used [O I] 63 µm absolute intensity of 5.2
× 10−11 erg cm−2 s−1 (Liu et al. 2001; Pottasch et al. 2004)
as stopping criterion. The model actually stopped at the clos-
est value of 4.8 × 10−11 erg cm−2 s−1. The value used to stop
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the computation (i.e., the size of the PDR) has a direct influ-
ence on the dust-to-gas ratio (D/G) we obtain by fitting the IR
dust emission. The PDR has a relatively small thickness (∼1.5 ×
1015 cm, but see below), but contains a mass of gas of order of
the ionized shell one (the H+ mass is 0.047 M� while the H0

mass is 0.039 M�). We don’t think the PDR can be much big-
ger than this value, otherwise the intensities of these infrared
lines would be quite higher than the observation, especially con-
sidering that the lines are not optically thick. We note also that
Dayal & Bieging (1996) did not find evidence of CO emission
from IC 418, so that we ruled out the presence of a molecular
halo, which could also have emitted some IR continuum. The
geometrical thickness of the PDR is very small compared to the
size of the nebula (on the order of 1%). We chose to add a filling
factor to the PDR region so that this size increases. It does not
change anything else regarding the line or dust emission, but it
makes the plots easier to look at. We used a value for this PDR
filling factor of 0.1.

We used the “iterate 3” option in the Cloudy model to
ensure that the values for the IR lines are well computed. The
final model presented below has a mean electron temperature
of ∼462 K and a mean hydrogen density of ∼3.0 × 105 cm3

for the PDR, see Fig. 1 where we show the radial variations of
the H and e densities, as well as the electron temperature. We
clearly see the jump of all these quantities at the recombination
front.

It turns out that [Si II] 34.8 µm, the only available line of
silicon, is mainly emitted by the PDR. To fit the observed value
(relative to [O I] 63.17 µm), an abundance of only −5.55 (in log)
is needed, while MG09 obtained −4.90 when taking only the
ionized region into account.

The electron (or even more relevant in the case of a PDR,
proton) temperature can be obtained from diagnostic diagrams
following Liu et al. (2001). We note that since their paper,
new atomic data have been published (e.g., Abrahamsson et al.
2007) that would lead to an even lower temperature for the PN
PDRs. The [C II]/[O I] line ratio diagnostic has to be normal-
ized by the C/O. This latest value is known for the ionized part
of the nebula, but the IR emission lines actually come from
the H0 region where C can be more depleted, changing the
diagnostics.

Our model fails somewhat in reproducing the follow-
ing diagnostics: the modeled (observed) intensity ratios for
[O I]145.5/63.17 µm and [C II]157.6 µm / [O I]63.17µm are 0.028
(0.028) and 0.085 (0.112), respectively. The PDR is then pre-
dicted systematically warmer than what determined from line
ratios. But the dust temperature is totally decorrelated from the
gas temperature. Not fitting the gaseous temperature does not
jeopardize the dust emission model.

In a recent work, Dopita et al. (2017) present new obser-
vations and a new model of the IC 418 nebula, based on the
photoionization+shock modeling tool Mappings V (Dopita
et al. 2005; Sutherland & Dopita 2017). They found a global
agreement with the model described by MG09. They added two
shocked regions: one in the inner face of the H+ region, due to
the stellar wind ram pressure, and a second one in the outer part
of the same H+ region, where it collides with the preexisting
AGB stellar wind. Contrary to the model presented in our work,
their model is not able to take into account the PDR, which
according to our model contains five times more dust than the
ionized region (see Table 1). We were not able to include the
shocked regions in our model, as Cloudy does not manage them.
Nevertheless, we prefer including the PDR than the shocked
region.

0.0 0.2 0.4 0.6 0.8 1.0 1.2
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Fig. 1. Electron temperature, electron density, and hydrogen density.

3.2. Usual dust emission is too hot: need for cooler grains

To reproduce the global shape of the IR continuum emission
observed by ISO between 2 and 200 µm , we used amorphous
carbon (AC) dust (the nebula is carbon-rich, see MG09). We
find a slightly better fit using BE1 type of amorphous carbon
(Rouleau & Martin 1991).

With dust of canonical sizes (from 0.005 to 0.25 µm , follow-
ing a −3.5 slope power law, and using ten different sizes of grains
logarithmically distributed on the size range) distributed in the
whole nebula (ionized region and PDR), the resulting emis-
sion exhibits a too-hot continuum (the peak emission is close to
20 µm instead of the observed 30 µm peak, see blue dashed line
in Fig. 2). To reduce the dust temperature, one can put the dust in
the outer part of the nebula, or increase its size (see Appendix A).
We chose to first adjust the far-IR observations (50–200 µm)
without over-predicting the observed emission at lower wave-
lengths: for this we used a size distribution of big grains between
0.03 and 0.4 µm following power law size distribution, only in
the PDR region. In our best fit model, we find that a slope of
−3.7 gives a better result than the classical one of −3.5.

The resulting dust emission (shown in green in Fig. 2) fits
the long wavelengths observations, and is too low in the shorter
wavelengths range. To solve this problem, we added other size
and type dust grains, as described in the next sections.

3.3. Adding very small grains

To increase the emission in the near-IR (2–10 µm), we add a
component of very small grains (sizes from 0.0005 to 0.03 µm,
distributed into ten grain sizes following a −3.5 slope power
law) of graphite type. We obtain a better fit using graphite
than using amorphous carbon. We put these small grains in the
ionized region only, to increase the quality of the fit and fol-
lowing results on radiative pressure on dust grains by Ishiki
et al. (2018). Cloudy takes into account the quantum heating for
these small grains. The emission obtained adding these grains is
shown in red in Fig. 3, compared to the emission from only big
grains in the PDR (in green). The observed spectrum in black is
clearly better fitted in the very short wavelengths range when this
component is taken into account. Nevertheless, emission is still
missing in the middle wavelength range (10–50 µm), this will
be fitted by SiC and MgS grains, as described in the next sec-
tion. The presence of such small grains close to the star seems
to contradict the grain destruction by sputtering described by,
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Fig. 2. Dust emission of amorphous carbon. The blue dashed line rep-
resents canonical size (0.005–0.25 µm ) grains in the whole nebula, and
the green solid line represents big (0.03–0.4 µm) grains only in the PDR.
PN IC 418 observations are in black.
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Fig. 3. Observed ISO spectrum (black) and results of models with only
big cool dust (green line), and big cool and additional smaller grains
(red line).

for example, Barlow (1978) or Draine & Salpeter (1979) or more
recently by Weingartner et al. (2006). On the other hand, deple-
tion of refractory elements, especially Fe, Si, and Ca (see, e.g.,
Shields 1983; Volk et al. 1997), indicates that dust must still be
mixed with the ionized gas. It is possible, that process of sputter-
ing or shattering is not so efficient as thought, and the resulting
small particles still remain in the ionized part of nebulae (see
e.g., Lenzuni et al. 1989).

4. Special features modeling

Both 11.5 and 30 µm features are clearly observed in the IR spec-
trum of IC 418. We explored the emission of SiC and MgS as
usual suspects for these features.

4.1. The 30 µm band

For the 30 µm broad feature, we adopt MgS spherical (Mie
theory) and ellipsoidal grains (van de Hulst 1957; Bohren &
Huffman 1983). The optical constants are obtained from Jena
database1. This database offers optical n and k data from 10 to

1 http://www.astro.uni-jena.de/Laboratory/OCDB/
sulfides.html
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Fig. 4. Emission of MgS grains of different shapes. IC 418 ISO
observation is in black.

50 µm. Since no data are available at shorter wavelengths where
absorption occurs, we choose to extrapolate them on the basis
of the BE1 amorphous carbon data which are included in the
Cloudy distribution (Rouleau & Martin 1991). For larger wave-
lengths, we extrapolate a constant value for n, and an inverse
wavelength law for k.

The size distribution is following a −3.5 slope power law
between 0.005 and 0.25 µm. The grains are in the whole neb-
ula. Following the case of the graphite and amorphous carbon
described in the previous sections, we use ten different sizes to
cover this size range.

The Jena database offers data from Mg0.9Fe0.1S to FeS. We
explored the extreme values of these molecules and found that
FeS does not lead to emission comparable to the observations.
We used the Mg0.9Fe0.1S for the rest of the study. The ellip-
soidal approximation is obtained by applying Hony et al. (2002)
procedure to convert spherical optical data into ellipsoidal ones,
defined by their three semi-axes ratios a:b:c.

We explored spherical grains and five ellipsoidal morpholo-
gies corresponding to a:b:c = 3:1:1, 3:3:1, 6:1:1, 6:3:1, and 6:6:1.
Figure 4 shows the emission obtained for these grains. These
results are very comparable to the ones obtained by Hony et al.
(2002, see their Fig. 8). The main effect of changing the shape
of the grains is shifting the emission to larger wavelengths com-
pared to spherical case (green line in Fig. 4). None of these
single morphology emissions can reproduce the observation. A
mixture of these morphologies is then used by running models
where different contribution of each shape to the total amount
of grain are considered. We converged a grid of models to the
best fit, obtained by minimizing a χ2 between 25 and 40 µm.
We note that, contrary to the case of featureless emission like
the one of amorphous carbon for which the grain temperature
largely determine the location of the emission peak, the emis-
sion of MgS (and SiC) is not significantly changed when the
temperature changes.

Using this combination of ellipsoidal grains leads to a better
fit to the observations. The best model presented in Fig. 8 (see
Sect. 5) shows in lower right panel the fit of the 30 µm feature.
We see that 30 µm feature is reproduced fairly well.

4.2. The 11.5 µm band

The 11.5 µm band has also been observed by the spectrograph
on board the Spitzer Space Telescope, see Fig. 1 from Díaz-Luis
et al. (2018). A correction factor is needed to make both Spitzer
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Fig. 5. Emission of SiC grains of different shapes. IC 418 ISO observa-
tion is in black.
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Fig. 6. D/G by mass for the different types of dust grains. The vertical
dashed line delimits the H+ region and the PDR. For the SiC and MgS
dust types, the D/G considers the sum of D/Gs for all the shapes for the
best model (5 ellipsoidal and 1 spherical, see Table 2).

and ISO spectra match more or less, but in both observations the
structure of the 11.5 µm band looks the same.

SiC emission is obtained by including dielectric data from
Pegourie (1988) in Cloudy. These data are between 0.1 and
243 µm. At shorter wavelengths, for n we extrapolated on the
basis of the BE1 amorphous carbon from Cloudy distribution
(Rouleau & Martin 1991) and for k we extrapolate using a power
law of slope 2. For longer wavelengths, for n we extrapolate a
constant value and for k a power law of slope −1.

We used the same method as for MgS to obtain the opti-
cal properties for ellipsoidal grains. The resulting emission is
shown in Fig. 5 with the observed spectrum. The canonical size
distribution is following a −3.5 slope power law between 0.005
and 0.25 µm. The grains are in the whole nebula. We used ten
different sizes to cover this size range.

The best fit, obtained by minimizing a χ2 between 9 and
16 µm, is presented in Fig. 8, center right panel (see Sect. 5).
The fit is still not perfect and we may try other optical properties
when available or other type of grains.

5. Best model

Some basic properties of our best model for each region (H+ and
PDR) are given in Table 1. Our best model is obtained by adding
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Fig. 7. Dust temperature for different grain sizes. Each color corre-
sponds to different grain types: green and blue represent canonical
distribution of dust sizes in case of SiC and MgS, while red and yel-
low represent small and big size distributions, respectively. Graphite
and amorphous carbon grains are only present in H+ and PDR regions,
respectively. For each dust type, solid and dashed lines represent the
biggest and smallest size in each grain size distribution. Only spherical
SiC and MgS grains are shown.

Table 1. Properties of the H+ region and the PDR.

H+ region PDR

Volume [1051 cm3] 5.1 1.5
Inner radius [1017 cm] 0.115 1.085a

Outer radius [1017 cm] 1.068a 1.178
Filling factor 1.00 0.10
H-Mass [M�] 0.047 0.040
D/G by mass [10−4] 5.56 34.1〈
nH
〉

[cm−3] 1.1 × 104 3.0 × 105〈
Te
〉

[K] 9031 462

Notes. (a)The transition region between the outer radius of the H+ region
and the inner radius of the PDR only contributes to 0.1% of the total
H-mass and is not considered in this table.

four dust types (namely, amorphous carbon, graphite, SiC, and
MgS) of different size distributions, shapes, and even position
in the nebula. All the grains are distributed into ten size bins
each. Additionally, SiC and MgS grains use six shapes each.
This finally leads to 140 different grains included in the Cloudy
model. All these properties are summarized in Table 2, where
the dust-to-gas ratio by mass are given for each grain type.

In Fig. 6 we plot the D/G (by mass) for the different grains
types. While some of them are constant over the whole nebula,
others are only in one part: big amorphous carbon grains are
mostly in the H0 (external) region (see Appendix A for details
of their distribution), and small graphite grains in the H+ (inner)
region. MgS and SiC grains (see previous sections) are in the
whole nebula. For these grains, we plot the sum of D/Gs for all
the shapes. Molar masses for C, Mg0.9Fe0.1S, and SiC are 12.0,
59.5, and 40.1, respectively. The density for MgS is 2.7 g cm−3

(Ropp 2012); we then use 3.05 g cm−3 for Mg0.9Fe0.1S. For SiC
we use 3.21 g cm−3 (Patnaik 2003).

In Fig. 7 we show the variation of the dust temperature
among the radius for different grain sizes and types, biggest

A85, page 5 of 10

http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201731707&pdf_id=0
http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201731707&pdf_id=0
http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201731707&pdf_id=0


A&A 617, A85 (2018)

Table 2. Properties of all the dust types and shapes of the grains used in our best model.

Grain type D/G by massa amin(µm ) amax(µm ) P.L. slope H+ H0

Graphiteb 1.32× 10−4 0.0005 0.03 −3.5 X
ACb 2.60 × 10−3 0.02 0.4 −3.7 X
SiC (1:1:1 and 6:1:1) 2.25× 10−5 0.005 0.25 −3.5 X X
SiC (remaining shapes) 7.50× 10−6 0.005 0.25 −3.5 X X
MgS (1:1:1 and 3:1:1 and 6:1:1) 3.32× 10−5 0.005 0.25 −3.5 X X
MgS (3:3:1) 8.29× 10−5 0.005 0.25 −3.5 X X
MgS (6:1:1) 9.95× 10−5 0.005 0.25 −3.5 X X
MgS (6:3:1) 6.63× 10−5 0.005 0.25 −3.5 X X

Notes. Dust-to-gas ratio by mass for each dust type and shape are given in column 2. The lower and upper values for the grains sizes are given in
columns 3 and 4, respectively. Columns 5 and 6 indicate with a cross where the dust grains are present. (a)For each dust type and shape. (b)D/G
considering only the region where the dust is present.

grains (solid lines) being cooler. In the case of SiC and MgS, the
effect of the shape on the temperature (not shown here) is signif-
icantly smaller than the effect of the size, for a given grain type.

In Fig. 8 we present the comparison between our best model
and the observations, for various wavelength ranges and using
various units for the fluxes. The emission lines are not aimed to
be compared in these figures, as the wavelengths meshes are not
comparable. Emission lines in the Cloudy output appears most
of the time on only one pixel, leading to triangle profiles. We
concentrated here on the dust continuum emission. Panels a and
b show the whole fit using Jy unit, from 1 µm to 1 m (in log
scale) and from 2 to 200 µm in linear scale, respectively. Some
observations obtained through spectral bands (see caption) are
also plotted in panel a. In Fig. 9 we present enlargement of panel
a, in which we compare the observation and the model fluxes
for the radio wavelength range. The total energy emitted by the
nebula is 1.13 × 1037 erg s−1, of which almost 65% is emitted
above 2.5 µm (42% from the H+ region and 23% from the PDR)
leading to a total of 7.4 × 1036 erg s−1, including the small con-
tribution from the emission lines of ∼2 × 1035 erg s−1. The other
panels show close-ups at some wavelength ranges: panel c shows
the 2–10 µm range, where the small grains mainly emits; pan-
els d–f show the SiC and MgS emissions. As we can see from
Fig. 8, the best fit reasonably well reproduces the infrared con-
tinuum and the main dust features at 11.5 and 30 µm, with clear
discrepancy between 12 and 25 µm. This discrepancy suggests
that some specific dust component was not taken into account
during modeling, and is discussed in Sect. 6. As a final result, we
report in Table 3 the abundances of some elements in the gaseous
phase and in the dust, as well as the total value and the solar
values.

In Fig. 10 we show the optical depth of the nebula relative
to the wavelength, ranging from X-rays to radio. We can see that
neither the scattering nor the absorption is close to be optically
thick in the IR range we are modeling in this work. Thus, we
are convinced that radiative transfer in Cloudy gives reasonable
results.

6. Discussion

The model presented in the previous section as our best fit suf-
fers some defects coming from the simplifications that could be
improved in a future work. For example, the broad 30 µm fea-
ture could perhaps be better reproduced using grains with SiC
core coated with MgS mantles as described by Zhukovska &

Table 3. Abundances (by number, in log) of some elements in PN
IC 418.

Element Gaseous phase Dust Total Solara

C −3.15 −4.71 −3.14 −3.57
Mg −5.07b −5.10 −4.78 −4.40
Si −5.55c −5.55 −5.25 −4.49
S −5.35 −5.05 −4.87 −4.88
Fe −7.4 −6.05 −6.03 −4.50

Notes. For carbon, only the H+ is considered (graphite grains, see
Table2). (a)Solar values from Asplund et al. (2009). (b)This value differs
slightly from the one obtained by MG09 because of changes in atomic
data between different versions of Cloudy. (c)This value is obtained by
fitting the [Si II]34.8 µm line, mainly emitted by the PDR.

Gail (2008). We tried FeS and MgS without any success in
reproducing the observed spectrum.

We were able to compare the gaseous and total abundances,
and obtain with the ones derived by Dopita et al. (2017). We
found comparable values for all the elements in the gaseous
phase (except for Si, which is determined from a line emitted
by the PDR, not taken into account by Dopita et al. 2017). On
the other side, the difference is very important when comparing
the abundances in the dust phase: the values obtained by Dopita
et al. (2017) are systematically higher than ours (except for S/H).
The values given by Dopita et al. (2017) are not obtained by
fitting the IR emission, but rather by applying the dust deple-
tion factor determined by Jenkins (2009), normalized by the
Fe/H depletion. The depletion of iron in IC 418 is quite puzzling,
and should perhaps not be taken as reference for the other ele-
ments; it is the most important depletion observed for iron in
PNe (Delgado-Inglada et al. 2016). As an illustration, our total
value for log(Mg/H) is −4.78, while it is −3.68 in Dopita et al.
(2017), values that may be compared to the solar value of −4.47.
Our results have obvious limitations, but the total abundances we
obtain are at least lower or close to the solar values (except for
C/H, which is mainly in the gaseous phase and only constraint in
the ionized region).

Our main goal for this work was to explain the depletion
of Mg, Si, S, and Fe in the ionized nebula by their presence in
form of dust grains. The model presented here, which reproduces
the global energy budget of the IR dust emission, and therefore
should involve the right amount of dust, still predicts too low
abundances of these elements compared to the solar value (which
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Fig. 8. Comparison between our best model and the observations. ISO data are black solid line, the model is red solid line. In panel a, red dots
show IRAS data, blue dots show data reported by Hoare et al. (1992), yellow dots show data from Planck Collaboration Int. XVIII (2015), and
green dots show radio observations (see Sect. 2).
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vations (see Sect. 2), yellow dots are data from Planck Collaboration
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Fig. 10. Optical depth of the best model over a spectral range from
X-rays to Radio. Effect of scattering and absorption are separated.

is a valid reference for IC 418). We actually found that, for exam-
ple, the amount of Mg and Fe embedded in MgxFe1−xS is not
enough to reach the solar value, see Table 3.

Some under-abundant elements may be incorporated into
missing dust component (see discussion of Fig. 11). One the
other side, S/H is solar once adding the gaseous and dusty
phases. This is in clear contradiction with what is found by
Zhang et al. (2009), who argue that the amount of MgS (esti-
mated from the available sulfur), which is necessary to reproduce
the IR emission on the proto-PN HD 56126, is much higher than
the amount available for this object.

We must mention here that we have not taken into account
the effects of coating. The coating can hide elements inside
grains that do not show their presence by the emission defined by
their surface composition. It also increases the apparent element
abundance of an element that is only present on the surface of
the grains. The coating may also be different between the ionized
region and the PDR.

In Fig. 11 we show the ratio between the observations and
our best fit, between 9 and 37 µm. The feature drawn here is well
above the noise and can be due to our poor knowledge of the
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Fig. 11. Ratio between observation and our best model for wavelengths
from 9 to 37 µm.

optical properties of the MgS and SiC emissions, but it may also
correspond to an unknown carrier.

The very broad feature between 15 and 25 µm could be due to
some kind of solid with a mixed aromatic and aliphatic structure.
Similar broad emission plateaus observed in C-rich dust PNe
like IC 418, for example, at ∼8 and 12 µm, have been suggested
to emerge from mixed aromatic–aliphatic organic nanoparticles
(the MAON model proposed by Kwok & Zhang 2011). Such
an organic component is missing in our model and its inclu-
sion could affect the results of our IR modeling. In the MAON
model, the mixed aromatic–aliphatic grains may be very diverse
and complex (e.g., even including other atoms, apart from C
and H, such as N, O, and S). For example, laboratory spec-
tra of some hydrogenated amorphous carbon (HAC) samples,
being just a particular case of these mixed aromatic–aliphatic
MAON grains display broad emission features at 21 and 30
µm (e.g., Grishko et al. 2001). Such a dust component could
explain also the formation of complex dehydrogenated organics
like fullerenes (e.g., García-Hernández et al. 2010, 2012) that are
known to be present in IC 418 and other C-rich PNe (e.g., Otsuka
et al. 2014, and references therein). Unfortunately, we do not have
the optical constants of these MAON-like particles, except for a
few specific HAC samples (W. Duley, priv. comm.). Preliminary
modeling using this limited HAC data does not show the broad
∼12–25 µm feature observed in IC 418 (Morisset et al., in prep.).

7. Conclusions

This is the first time, to our knowledge, that a full ionized region
+ PDR model of a PN is presented that fits the IR emission from
2 to 200 µm, including the special features observed at 11.5 and
30 µm (the very detailed and complete model of NGC 6781 pre-
sented by Otsuka et al. 2017 does not include these features since
they are not detected in that object). We succeed in reproducing
the whole budget as well as those two broad emission features,
with graphite, amorphous carbon, SiC, and MgS grains. The
observed emission at short wavelengths (2–9 µm) is reproduced
by small graphite grains located in the H+ region, while the long
wavelength emission (50–200 µm) is due to carbon big grains
located in the H0 (also called PDR) region. Adding the contri-
bution from these dust grains to the abundances of the elements
already present in the gaseous form allow us to determine their
total abundances.
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Our IR modeling presented here (i.e., the nature of the differ-
ent dust components) might be proved or disproved by upcoming
space-based IR facilities such as the James Webb Space Tele-
scope (JWST). For example, high- spatial resolution imaging
with the MIRI instrument on board JWST may provide the rela-
tive spatial distribution of all these dust species to be compared
with the spatial distribution found by our IR modeling. All the
files needed to run the model presented in this work as well as
the outputs of the Cloudy model are available on the web site
https://github.com/Morisset/IC418.
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Appendix A: Degeneracy between dust size and
distance to the heating source

To explore the role of the grain size and the distance of the grain
to the central source, we run some toy models using single size
BE1 amorphous carbon dust grains. A model with canonical size
of 0.01 µm is shown in red in Fig. A.1. The emission is clearly
too hot (peaking at to short wavelengths).

To reduce the temperature of the grains and shift the emis-
sion to longer wavelengths, we tested two options: (1) increasing
the size of the grains (0.1 µm, green line) and (2) having the dust
the canonical size, but distributed only in the PDR (blue line in
Fig. A.1). This latest option is achieved by applying a scale factor
to the dust abundance. In our case, the scale factor is the hydro-
gen atomic fraction, small when gas is ionized and unity when
atomic. The two options clearly move the emission toward the
longer wavelengths, allowing the fit between 50 and 200 µm to
be quite good and leading to a degeneracy between the size of
the grains and their position in the nebula.

An interesting result of exploring this degeneracy is that in
both cases, the total dust mass required to obtain two very close
emissions are very similar. It is difficult to really prefer one of
the two options only comparing the fits, and the real situation
may also be any smooth combination of both of them: grains

101 102
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10 1

100

101

102

103

Jy

0.01 m
0.1 m
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Fig. A.1. Observed ISO spectrum (black) and results of models with
small dust (red dashed), bigger grains (green solid), and small grains
only in the PDR (blue dash-doted).

being bigger and denser (in terms of dust-to-gas ratio) with the
increasing distance to the star. For the final model, we choose to
combine both cases: big grains, but only in the H0 region.
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