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Outline 
Dust grains in circumstellar nebulae around evolve stars reprocess the stellar radiation and are responsible for the emission at mid-infrared 
(MIR) to far-infrared (FIR) wavelengths. Simplifications made regarding the grain shapes lead to difficulties in interpreting the infrared (IR) 
spectral energy distributions (SEDs) and spectra of nebulae around evolved stars. For example, in order to model the long wavelength IR SEDs 
of some circumstellar nebulae, authors have had to postulate extremely high dust-to-gas ratios, very large grain sizes or a high degree of 
porosity in order to reproduce the observation. We study the effects of using the optical properties of irregular hexahedral grains in 
photoionization models of nebulae around a WR star.
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Fig 2. Spectra from Cloudy models, comparing spherical (blue line) and hexahedral-
shaped (orange line) grains. The panels show models using only the grain sizes 
corresponding to bin size 10.

Methods

Main findings 

Continuum Shift: Irregular hexahedral grains shift the dust continuum to 
longer wavelengths and enhance far-IR fluxes relative to spherical 
models (see Fig 2). 
Model Implications: This effect reproduces observed far-IR emission 
without invoking large grains or high dust-to-gas ratios. 
Spherical model bias: Spherical-grain models underestimate far-IR 
fluxes unless additional dust mass is assumed, biasing dust and mass-
loss estimates of dust content. 
Composition dependence: Continuum variations are driven by dust 
absorptivity and thus by grain composition. This is evident for graphite 
grains showing the strongest effects (see Fig 2).
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A sample of photoionization models that use opacities 
from both spherical and irregular hexahedral grains across 
a standard MRN power law size distribution (0.005–0.25 !m) was produced. We consider the optical properties of 

graphite, amorphous carbon and silicate dust grains 
dividing the full size range into 10 bins (see Tab 1) enables 
us to differentiate the contributions of small grains (which 
absorb most of the radiation) from those of the large 
grains (which contain most of the mass). 

The photoionization code Cloudy allows us to treat the interaction 
between the UV flux from the central star and the nebular gas and dust 
consistently. For the spectrum of the central stars we used PoWR stellar 
atmosphere models [3]. 
The differences between the model nebula continua calculated using 
spherical and irregular dust grains increase with the grain size, especially 
for graphite, see Fig 2. 
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higher filling factor, while the inner shell is less dense with a lower
filling factor. For the present work, we assume a fixed dust-to-gas
mass ratio (⇠ 3 ⇥ 10�2 for carbonaceous grains and ⇠ 5 ⇥ 10�2 for
silicates) and very similar uniform gas densities in the two shells,
since we are not modelling any particular astrophysical object.

In order to reveal the effects of the hexahedral grains on the contin-
uum emitted by the dusty nebulae around evolved stars, we employed
the photoionization code ������ v.17 (Ferland et al. 2017). This
code simulates the physical conditions in a user-defined distribution
of dilute gas and dust illuminated by a radiation source, and com-
putes the resulting transmitted spectrum. It includes all the necessary
microphysics for both gas and dust and calculates the thermal and
statistical equilibrium solution. The dust physics includes grain heat-
ing and cooling processes due to the radiation field, collisions with
gas particles, stochastic heating and the photoelectric effect, and the
grain temperatures are established by the requirement of thermal bal-
ance for each grain type and size (for more details see: Ferland et al.
2013, 2017; Chatzikos et al. 2023). The default assumption is that
the grains are spherical and that their opacities can be described by
the Mie theory (van Hoof et al. 2001, 2004), however, it is possible to
include user-specified grain opacities as long as they conform to the
������ format (see Section 3.1). This is how the TAMUdust2020
data are used in our models.

Inspired by our previous experience modelling dust emission in
WRN, for our ������ models in the present paper we chose a radi-
ation source that corresponds to a hot, evolved massive star known
as a Wolf-Rayet (WR) star. Stellar atmosphere models for such ob-
jects have been precomputed by the ���� code (Gräfener et al. 2002;
Hamann & Gräfener 2003) and are available in the public grid of
models presented in Todt et al. (2015). WR stars are characterized
by their strong, line-driven stellar winds, and so their spectra are
deficient in the far and extreme ultraviolet regime compared to black
bodies of the same effective temperature. We selected model L 6-13
for the shape of the stellar spectrum, which is the same as that used by
Jiménez-Hernández et al. (2021) for WR 40, and adopt a typical WR
luminosity (see Table 2). The final input parameters for the model
are the chemical abundances of the gas, for which we use values
estimated by Esteban et al. (2016) and Méndez-Delgado et al. (2020)
for the WRN RCW 58 around the star WR 40. The nebular shells are
assumed to have constant density and their principal characteristics
are listed in Table 2.

Note that the procedure for modelling a PN is identical, except
that the central star will correspond to a hot, evolved low-mass star,
which will typically be an order of magnitude less luminous.

3 RESULTS

3.1 Grain opacity

From the bulk scattering properties computed by TAMUdust2020
we obtained the absorption (⇠abs) and scattering cross section (⇠scat)
using the expressions:

⇠ext = &scat⇠geo, (8)

⇠scat = l ⇠ext, (9)

⇠abs = ⇠ext (1 � l) (10)

Parameter Inner shell Outer shell

Distance [kpc] 3.8 3.8
log10 [!¢/L� ] 5.91 5.91
Inner radius["] 146 186
Outer radius["] 186 228

=0 [cm�3] 16 31
Filling Factor 0.03 0.08

⇡/⌧ (a) - 2.94 ⇥ 10�2

⇡/⌧ (b) - 4.96 ⇥ 10�2

Table 2. Input parameters of the ������ models. (a)Carbonaceous grains.
(b)Silicate grains.

where ⇠ext, ⇠geo, and ⇠abs are the extinction, geometric, and ab-
sorption cross sections in the wavelegnth range of the optical data
available for silicates, graphites and amorphous grains mentioned in
the previous section. In other words, we computed values for the ab-
sorption and scattering cross sections (⇠abs and ⇠scat, respectively),
as well as the asymmetry parameter (6), over a range of size param-
eters (-1, -2), where -1 < -2, or their corresponding wavelengths
(_2, _1), where _2 < _1. This range was constrained by the avail-
ability of refractive index data for the different grain species and the
computational limits of TAMUdust2020.

The photoionization code ������ requires dust extinction data in a
specific format: absorption and scattering cross sections per hydrogen
nucleon, the difference between unity and the asymmetry factor (1�
6), and the inverse attenuation length (in cm�1). All of these must
be provided as functions of the incident photon energy. The required
wavelength range spans from 1.297⇥10�8`m to 2.993⇥107`m1.

The inverse attenuation length depends on the grain material type
and was therefore obtained directly from the ������ database. In
contrast, the other opacity parameters had to be extrapolated to cover
the full energy range required by ������. In the following sections,
we describe the assumptions made for the extrapolation method and
present the resulting nebular continuum generated when this ex-
tended dataset was used as input for ������ for each type of dust
mentioned in the previous section.

To obtain the absorption and scattering cross section per H nucleon
we consider the following normalization:

⇠ [cm2/H] = ⇠ [cm2] + ⇥ d

MW ⇥ �
(11)

where d is the density of the grain material (g/cm3), and MW is
the molecular weight of the grain type. � = �eff�max is the grain
abundance; �max and �eff are the maximum number density of the
grain molecule relative to H that can be formed and the efficiency of
dust formation, respectively. + is the volume (cm3) of a dust grain;
however, since we analyze a distribution of grain sizes, we take h+i
calculated for each bin size.

3.2 Silicates

For silicate grains, we computed the absorption cross section (⇠abs),
the scattering cross section (⇠scat), and the scattering asymmetry

1 This corresponds to an energy range from 3.040⇥10�9 Ryd to
7.354⇥106 Ryd, as specified in the ������ documentation.
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higher filling factor, while the inner shell is less dense with a lower
filling factor. For the present work, we assume a fixed dust-to-gas
mass ratio (⇠ 3 ⇥ 10�2 for carbonaceous grains and ⇠ 5 ⇥ 10�2 for
silicates) and very similar uniform gas densities in the two shells,
since we are not modelling any particular astrophysical object.

In order to reveal the effects of the hexahedral grains on the contin-
uum emitted by the dusty nebulae around evolved stars, we employed
the photoionization code ������ v.17 (Ferland et al. 2017). This
code simulates the physical conditions in a user-defined distribution
of dilute gas and dust illuminated by a radiation source, and com-
putes the resulting transmitted spectrum. It includes all the necessary
microphysics for both gas and dust and calculates the thermal and
statistical equilibrium solution. The dust physics includes grain heat-
ing and cooling processes due to the radiation field, collisions with
gas particles, stochastic heating and the photoelectric effect, and the
grain temperatures are established by the requirement of thermal bal-
ance for each grain type and size (for more details see: Ferland et al.
2013, 2017; Chatzikos et al. 2023). The default assumption is that
the grains are spherical and that their opacities can be described by
the Mie theory (van Hoof et al. 2001, 2004), however, it is possible to
include user-specified grain opacities as long as they conform to the
������ format (see Section 3.1). This is how the TAMUdust2020
data are used in our models.

Inspired by our previous experience modelling dust emission in
WRN, for our ������ models in the present paper we chose a radi-
ation source that corresponds to a hot, evolved massive star known
as a Wolf-Rayet (WR) star. Stellar atmosphere models for such ob-
jects have been precomputed by the ���� code (Gräfener et al. 2002;
Hamann & Gräfener 2003) and are available in the public grid of
models presented in Todt et al. (2015). WR stars are characterized
by their strong, line-driven stellar winds, and so their spectra are
deficient in the far and extreme ultraviolet regime compared to black
bodies of the same effective temperature. We selected model L 6-13
for the shape of the stellar spectrum, which is the same as that used by
Jiménez-Hernández et al. (2021) for WR 40, and adopt a typical WR
luminosity (see Table 2). The final input parameters for the model
are the chemical abundances of the gas, for which we use values
estimated by Esteban et al. (2016) and Méndez-Delgado et al. (2020)
for the WRN RCW 58 around the star WR 40. The nebular shells are
assumed to have constant density and their principal characteristics
are listed in Table 2.

Note that the procedure for modelling a PN is identical, except
that the central star will correspond to a hot, evolved low-mass star,
which will typically be an order of magnitude less luminous.

3 RESULTS

3.1 Grain opacity

From the bulk scattering properties computed by TAMUdust2020
we obtained the absorption (⇠abs) and scattering cross section (⇠scat)
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where ⇠ext, ⇠geo, and ⇠abs are the extinction, geometric, and ab-
sorption cross sections in the wavelegnth range of the optical data
available for silicates, graphites and amorphous grains mentioned in
the previous section. In other words, we computed values for the ab-
sorption and scattering cross sections (⇠abs and ⇠scat, respectively),
as well as the asymmetry parameter (6), over a range of size param-
eters (-1, -2), where -1 < -2, or their corresponding wavelengths
(_2, _1), where _2 < _1. This range was constrained by the avail-
ability of refractive index data for the different grain species and the
computational limits of TAMUdust2020.

The photoionization code ������ requires dust extinction data in a
specific format: absorption and scattering cross sections per hydrogen
nucleon, the difference between unity and the asymmetry factor (1�
6), and the inverse attenuation length (in cm�1). All of these must
be provided as functions of the incident photon energy. The required
wavelength range spans from 1.297⇥10�8`m to 2.993⇥107`m1.

The inverse attenuation length depends on the grain material type
and was therefore obtained directly from the ������ database. In
contrast, the other opacity parameters had to be extrapolated to cover
the full energy range required by ������. In the following sections,
we describe the assumptions made for the extrapolation method and
present the resulting nebular continuum generated when this ex-
tended dataset was used as input for ������ for each type of dust
mentioned in the previous section.

To obtain the absorption and scattering cross section per H nucleon
we consider the following normalization:

⇠ [cm2/H] = ⇠ [cm2] + ⇥ d

MW ⇥ �
(11)

where d is the density of the grain material (g/cm3), and MW is
the molecular weight of the grain type. � = �eff�max is the grain
abundance; �max and �eff are the maximum number density of the
grain molecule relative to H that can be formed and the efficiency of
dust formation, respectively. + is the volume (cm3) of a dust grain;
however, since we analyze a distribution of grain sizes, we take h+i
calculated for each bin size.

3.2 Silicates

For silicate grains, we computed the absorption cross section (⇠abs),
the scattering cross section (⇠scat), and the scattering asymmetry

1 This corresponds to an energy range from 3.040⇥10�9 Ryd to
7.354⇥106 Ryd, as specified in the ������ documentation.
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Cext = QextCgeo

Non-spherical grains 3

Bin B1 B2 B3 B4 B5 B6 B7 B8 B9 B10

0min [`m] 0.00500 0.00739 0.01093 0.01617 0.02319 0.03536 0.05228 0.07731 0.11433 0.16906
0max [`m] 0.00739 0.01093 0.01617 0.02319 0.03536 0.05228 0.07731 0.11433 0.16906 0.25000

Table 1. Smallest (0min) and larger (0max) grains size in each bin within the total size distribution.

massive stars with initial masses "init > 25"� . The first is associ-
ated with ring nebulae, which are comprised principally of swept-up
material that was expelled due to mass loss in a previous evolution-
ary stage of the star. This dust will have formed during the preceding
red supergiant (RSG), yellow supergiant (YSG) or luminous blue
variable (LBV) stage and observational evidence for amorphous sil-
icates, crystalline silicates, PAHs and metallic iron has been found
in this type of object (Waters 2010; Guha Niyogi et al. 2014). The
ratio of amorphous to crystalline silicate dust appears to be related
to the mass-loss rate, with higher mass-loss rates favoring a higher
degree of crystallinity. The other process occurs in eccentric collid-
ing wind binary systems, where the primary is a WC (carbon-rich)
WR star and the secondary is an O star (see, e.g., Richardson et al.
2025)]. Carbon-rich dust condenses in the dense interaction region
at periastron.

The dominant grain species in photoionized nebulae around
evolved stars are amorphous carbon and silicates, and to a lesser
extent graphite, and so these grain species will be the focus of the
present paper. We take the optical properties for these grain species
from the data repository distributed with the ������ v17.00 pho-
toionization code (Chatzikos et al. 2023), that is, the refractive index
of graphites and astronomical silicates come from Martin & Rouleau
(1991), and for amorphous carbon come from Rouleau & Martin
(1991). Note that “astronomical silicate” has a synthesized dielec-
tric function based on crystalline olivine but requires that the optical
properties of the grains be consistent with several observational con-
straints, such as absorptivity consistent with circumstellar emission
from oxygen-rich stars and emissivity consistent with hot dust in the
Trapezium region of the Orion nebula (Draine & Lee 1984a).

2.3 Size distribution

The size distribution of grains in circumstellar nebulae around
evolved stars is governed by grain-grain collisions in the grain-
forming stellar atmosphere. Biermann & Harwit (1980) show that
the emergent grain radii, 0, should follow a power law # (0) / 0�3.5.
This agrees with the size distribution of grains in the diffuse interstel-
lar medium, commonly described by the MRN power law (Mathis
et al. 1977). The minimum and maximum grain sizes of the size
distribution depend on the astrophysical context and are often es-
tablished through modelling of observed infrarred spectra (see, e.g.,
Jiménez-Hernández et al. 2020, 2021).

In this paper, we adopt minimum and maximum grain sizes
0min = 0.005`m and 0max = 0.25`m, respectively. Moreover, we
divide the power-law size distribution into 10 bins with constant ratio
0i,max/0i,min = (0max/0min)1/10 = 1.47876 (see Table 1). Dividing
the full size range into bins enables us to differentiate the contribu-
tions of small grains (which absorb most of the radiation) from those
of the large grains (which contain most of the mass).

From TAMUdust2020, using the procedure described in sec-
tion 2.1, we obtained the single-scattering properties of 140 different
values of particle diameters ⇡ ranging from 0.001—3.0 `m at a
discrete set of wavelength values in the optical to infrared part of the

electromagnetic spectrum, where all particles are assumed to have
the same sphericity,  = 0.7. Note that all of our data corresponds
to the LW domain due to the grain size range we considered. In
order to avoid resonances that can occur when single grain sizes
are used (Mishchenko et al. 1998), we calculate the bulk scattering
parameters of our hexahedral grains by integrating over each size
bin, [⇡i,min,⇡i,max], of the grain size distribution shown in Ta-
ble 1, where ⇡: = 20: . This is accomplished by constructing spline
interpolations of each of the TAMUdust2020 output parameters at
the bin boundaries and 10 interior points and then evaluating the
bulk properties by numerical integration. The equivalent diameter,
⇡eq = 2

p
�/c, where � is the projected area, is used to define the

“knot” points of the splines.
The particle size distribution for the power-law assumed in this

work is

=(⇡) = 3#

3⇡
. (2)

With this definition, and for a fixed value of the sphericity parameter,
the bulk extinction efficiency h&exti, the bulk single-scattering
albedo hli, the bulk asymmetry factor h6i, and the bulk projected
area are computed as follows (cf. Saito et al. 2021):

h⇠exti =
π ⇡max

⇡min
=(⇡)�(⇡)&ext (⇡,<A ,<8) 3⇡ (3)

hli =

Ø ⇡max
⇡min

=(⇡)�(⇡)&scat (⇡,<A ,<8) 3⇡Ø ⇡max
⇡min

=(⇡)�(⇡)&ext (⇡,<A ,<8) 3⇡
(4)

h6i =

Ø ⇡max
⇡min

=(⇡)�(⇡)&scat (⇡,<A ,<8)6(⇡,<A ,<8) 3⇡Ø ⇡max
⇡min

=(⇡)�(⇡)&scat (⇡,<A ,<8) 3⇡
(5)

h�i =

Ø ⇡max
⇡min

=(⇡)�(⇡) 3⇡Ø ⇡max
⇡min

=(⇡) 3⇡
(6)

h+i =
π ⇡max

⇡min
=(⇡)+ (⇡) 3⇡ (7)

where &scat = l &ext.

2.4 Photoionization models

The main motivation for our study of non-spherical dust grains is to
include them in photoionization models of nebulae around evolved
stars, where previous work has shown that the assumption of spherical
grains leads to the requirement for very high dust-to-gas ratios in
order to reproduce the long wavelength IR emission. To this end, we
set up a typical two-shell density structure around a hot, evolved star
(cf. Jiménez-Hernández et al. 2021). The shells represent different
mass-loss episodes: generally the outer shell is more dense, with a
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Dust opacities for the irregular grains were obtained from 
the scattering properties available in the TAMUdust2020 
database [1] and these were implemented in the spectral 
synthesis code Cloudy [2]. Fig 1 shows the data obtained 
for the particular case of graphite dust composition.

Fig 1. Top - output TAMUdust2020: Extinction efficiency (Qext), single-scattering albedo ("), and asymmetry factor 
(#) for graphite grains  from the TAMUdust2020 database, computed over 10 size bins (Table 1). Bottom - Input 
Cloudy: Opacity parameters for graphite grains computed for two grain shapes: hexahedral (solid lines) and spherical 
(dotted lines), across the same size bins. Left: Absorption cross section (Cabs) per H nucleon. Middle: Scattering cross 
section (Cscat) per H nucleon. Right: 1 − # values. 

Silicates Graphites

AC amorphous 
carbon

BE amorphous 
carbon

Tab 1. Smallest ($min) and larger ($max) grains size in each bin within the total size distribution. 
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