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Abstract. Recent studies indicate that interstellar grains are composites of very small individual particles of
silicates and carbon glued together into an aggregate. Using the discrete dipole approximation (DDA), we calculate
the extinction, scattering and absorption efficiencies for composite grains assumed to be made of a host silicate
sphere with embedded graphite inclusions. In particular, we study the extinction as a function of inclusion size and
volume fraction. Using the extinction efficiencies of these composite grains, we evaluate the interstellar extinction
curve in the wavelength region of 0.55 µm−0.20 µm.
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1. Introduction

Recent studies of interplanetary, cometary and interstellar
dust indicate that cosmic dust grains are inhomogeneous
and are composites of many small particles. Hence there
is a need to formulate models of electromagnetic scatter-
ing by composite dust grains. Mathis & Whiffen (1989),
Mathis (1996) and Voshchinnikov & Mathis (1999) have
used effective medium theory (EMT) to calculate the opti-
cal constants for composite grains and then used Mie the-
ory to study the scattering properties of the approximated
dust particles. We use the discrete dipole approximation
(DDA)(Draine 1988) to study the scattering properties
of the composite grains. For a discussion and compari-
son of DDA and EMT methods see for example Perrin &
Lamy (1990) and Wolff et al. (1994, 1998). Mathis (1996)
has noted the uncertainty in the use of EMT for treat-
ing the composite grains and has suggested that detailed
calculations such as the DDA would be necessary for the
treatment of voids or silicate/carbon particles for some
wavelengths. In the previous work we have used the DDA
to study the scattering properties of porous grains (Vaidya
& Gupta 1997, 1999, hereafter called as Papers I and II).
We have also used the DDA to study the scattering prop-
erties of a composite particle made up of a host water
sphere with carbon inclusions (Dobbie & Chylek 1998 and
Chylek et al. 1999). In the present study, we are using a
modified version of the DDA code (Dobbie 1999; Dobbie &
Chylek 1998), and we will calculate the extinction efficien-
cies of the composite grains, assumed to be made of the
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host silicate sphere with embedded inclusions of graphite.
In particular, we study the extinction as a function of in-
clusion size and volume fraction.

Mathis (1996) has suggested that carbon and sili-
cate occur separately in small particles in the interstel-
lar medium and are agglomerated into large grains, in
which 25–50% vacuum arises from the coagulation. In ad-
dition to composite grains, small graphite grains are re-
quired in order to produce the observed “2175 Å” feature.
In this present study, we use the results of the composite
grain model to evaluate the interstellar extinction curve in
the wavelength region of 0.20 µm−0.55 µm and in partic-
ular, we are interested in studying the wavelength region
of peak extinction, i.e. 0.21 µm−0.23 µm.

We present the composite dust model along with the
DDA validity criteria in Sect. 2. Section 3 gives the
main results, including the interstellar extinction curves.
In Sect. 4 we provide conclusions on the present study.

2. Discrete dipole approximation
and the composite grain model

Original formulations of the DDA method sought to an-
alytically solve the coupled dipole equations (Defoe 1965;
Purcell & Pennypacker 1973; Shapiro 1975). Numerical
formulation of this problem, however, allowed for a large
increase in the number of dipoles that could be used to
approximate particles, and so larger and more complex
particles could be treated (Yung 1978; Draine 1988).

The DDA replaces a solid particle by an array of N
point dipoles. When a grain is exposed to an electromag-
netic wave, each dipole responds to the radiation field of
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Fig. 1. Lattice dispersion relation mkd as a function of grain size at four wavelengths.

the incident wave as well as to the fields due to all of
the other dipoles. There are two validity criteria for DDA
(Draine & Flatau 1994; Wolff et al. 1994): (i) |mkd| < 1
where m is the complex refractive index, k is the wave
number k = π/λ and d is the distance between the dipoles;
and (ii) d should be small enough (N should be sufficiently
large) to describe the shape of the particle satisfactorily.

In the present study we use DDA to calculate the
extinction efficiency for a composite grain made up of
a host silicate sphere with graphite inclusions. A com-
puter code developed by Dobbie (1999) first carves out an
outer sphere from a lattice of dipole sites. Sites outside the
sphere are set to be vacuum and sites inside are assigned
to be the host material. Second, once the host particle is
formed, the code locates centers for internal spheres using
a random number generator. If the internal sphere can be
formed without extending beyond the host and is not over-
lapping another inclusion, then the inclusion is formed by
assigning the material to have a refractive index of the in-
clusion type. The code continues locating places for inclu-
sions until the specified volume fraction of the inclusions
is reached or exceeded. The inclusions are of a single ra-

dius and their centers are chosen randomly. The code then
outputs a three-dimensional matrix specifying the mate-
rial type at each dipole site which is read in by the DDA.
In the present case the sites are either silicate, graphite or
vacuum. These geometries are then input into the DDA
code and the optical properties are computed. For more
details on the computer code and the corresponding mod-
ification to the DDA code see Dobbie (1999). We have
studied composite grain models with a host silicate sphere
containing N = 57 856, 7208 and 912 dipoles, each carved
out from 48*48*48, 24*24*24 and 12*12*12 dipole sites,
respectively. The volume fractions of the graphite inclu-
sions used are 10%, 20% and 30%. The inclusion size is
labeled by the number of dipoles “n” across the diameter
of an inclusion.

An illustration of the composite grain model is given
elsewhere (Vaidya et al. 2000).

Table 1 shows the maximum radius of the host sphere a
that satisfies the validity criteria for DDA (i.e. |mkd| < 1)
at several wavelengths for the composite models, viz.
N = 912, 7208, 57 856. The complex refractive indices
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Fig. 2. Extinction efficiencies for the composite grains with host spheres containing 912, 7208 and 57 856 dipoles are shown in
a), b) and c) respectively. The shift in the peak is highlighted in d).

Table 1. Validity criteria: This table shows the maximum ra-
dius (a) of the host sphere that satisfies the validity criteria
for DDA (viz. |mkd| < 1) at several wavelengths for N = 912,
7208 and 57 856.

Wavelength N = 912 N = 7208 N = 57 856

(µm) a(µ) a(µ) a(µ)

0.5500 0.330 0.65 1.30
0.4400 0.250 0.50 1.00
0.3000 0.170 0.33 0.66
0.2600 0.140 0.28 0.56
0.2200 0.120 0.25 0.50
0.2175 0.110 0.22 0.44
0.2000 0.100 0.20 0.40

for silicates and graphite are obtained from Draine (1985,
1987).

It is seen from Table 1 that the composite grain model
with N = 912 is valid for the grain sizes upto 0.1µ at
the wavelength 0.20 µm whereas models with N = 7208

and N = 57 856 are valid up to grain sizes 0.20 µ and
0.40 µ respectively, at the same wavelength. At longer
wavelengths (i.e. in the optical), the DDA is valid for
larger grain sizes for these models. Figure 1 shows the
plots of the lattice dispersion relation, mkd, as a function
of grain size, a, at four wavelengths viz. 0.55, 0.30, 0.22
and 0.20 µm.

3. Results and discussion

Using the DDA code (Dobbie & Chylek 1998), we have
calculated the extinction efficiencies for the composite
grains in the wavelength region of 0.55 µm−0.20 µm.
Figures 2a,b and c show the extinction (Qext) efficiencies
for the composite grains with the host silicate sphere con-
taining 912, 7208 and 57 856 dipoles, respectively. Within
each graph three volume fractions are listed, viz. 10%,
20% and 30%, of graphite inclusions for a constant inclu-
sion size n = 6. The radius of the host composite grain is
set to 0.01 µ for all of the cases.
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Fig. 3. Extinction efficiencies for the composite grain using the
EMT approximation and DDA for three volume fractions.

It is seen that the wavelength of the peak extinction
shifts towards longer wavelength as the volume fraction
of inclusions is decreased. Figure 3d highlights this effect
clearly for 57 856 dipoles. The wavelength of peak extinc-
tion for the 30% volume fraction of inclusions shifts from
about 0.22 µm to 0.23 µm for the 10% volume fraction
of inclusions. These curves also show the variation in the
width of the feature as a function of the volume fraction.
In our previous study on the porous grain model, we also
found the shift in the extinction peak towards longer wave-
length as well as the variation in the width of the peak as
the porosity was increased (Papers I and II). All these re-
sults indicate that the inhomogeneities within the grains
(i.e. distribution of materials, porosity) play a very impor-
tant role in producing the 2175 Å feature.

Using the Maxwell-Garnet effective medium approxi-
mation (Bohren & Huffman 1983) we have obtained the
optical constants for the composite grains and have used
these constants in Mie theory to calculate the extinction
efficiencies of the composite grains. Figure 3 shows the
extinction curves for the composite grain obtained using
the EMT approximation along with the curves obtained
using the DDA. It should be pointed out here that the
fraction of the inclusions of graphite in the EMT approx-
imation is obtained by the χ2 minimization of the best-
matched DDA curve and corresponding EMT curve. It
is seen that EMT curves deviate from DDA curves near
the peak and as the volume fraction increases this devia-
tion also increases. However, the EMT results seem to be
in agreement with the DDA results in the optical region
(0.55 µm−0.30 µm). Voshchinnikov & Mathis (1999) have
found that their results on the composite grains obtained

using the multilayered sphere EMT do not agree with the
DDA results. The EMT results do not agree with the DDA
results because the EMT does not take into account the
inhomogeneities within the grain (e.g. internal structure,
surface roughness, voids) (Wolff et al. 1994, 1998). Since
Maxwell-Garnett mixing rules provide the extreme cases
of the possible values of the effective dielectric constants
of a two-component mixture (Chylek et al. 1999), we have
used the Maxwell-Garnett method. However, it would still
be very useful and advantageous to compare the DDA
results for the composite grains (with varying inclusion
sizes and volume fractions) with those computed by other
EMT/Mie type series solution techniques in order to ex-
amine the applicability of several mixing rules (e.g. Chylek
& Srivastava 1983; Chylek et al. 1999; Voshchinikov &
Mathis 1999; Wolff et al. 1998).

We have also calculated the extinction efficiency for
the composite grains for several inclusion sizes, “n”, at a
constant volume fraction but we did not find any shift in
the extinction peak with the inclusion size.

Figure 4 shows extinction curves for four sizes of the
composite grains; i.e. (a) 0.01 µ (b) 0.05 µ (c) 0.1 µ and (d)
0.2 µ, in the spectral range 0.55 µm−0.20 µm for 3 models.
It is seen from these curves that the extinction peak shifts
as the grain size increases.

In addition to the composite grains, consisting of sili-
cate and graphite, a component of small graphite grains is
also required to produce the observed peak at 2175 Å in
the interstellar extinction curve. For this purpose we use
our earlier results on porous graphite grains (see Fig. 3,
Paper I)

Composite grains and interstellar extinction

We use the extinction efficiencies of the composite grains
(made up of the host silicate and graphite inclusions) and
small porous (about 20% porosity) graphite grains for a
power law size distribution (i.e. n(a) ∼ a−3.5, Mathis et al.
1977) to evaluate the interstellar extinction curve in the
wavelength region of 0.55−0.20 µ. For this calculation we
have used two size distributions viz. (i) a = 0.001−0.100 µ
for grain models with N = 912 and 7208 at three vol-
ume fractions of inclusions viz. 10%, 20% and 30% (ii)
a = 0.005−0.250 µ for grain models with N = 57 856 at
two volume fractions of inclusions viz. 10% and 20%. As
mentioned earlier in order to reproduce the observed ex-
tinction peak at 2175 Å we have included small porous
(about 20% porosity) graphite grains.

The average observed interstellar extinction curve
(Savage & Mathis 1979) is then compared with the model
curve formed from a χ2 minimized and best fit linear com-
bination of the composite and porous graphite grains in
the following way:

The two (model) interstellar extinction curves for
the composite and porous graphite grains are linearly
combined as p times (contributory fraction of compos-
ite grains) composite and q times (contributory fraction
of graphite grains) graphite to render a net curve for
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Fig. 4. Extinction efficiencies for the composite grains for four host sphere sizes: a) 0.01 µ, b) 0.05 µ, c) 0.1 µ and d) 0.2 µ.

comparison with the observed curve (for details on the
χ2 minimization method see Papers I and II).

The set of reduced χ̃2
j values is defined as (Bevington

1969):

χ̃2
j =

∑n
i=1

(
Sji − T ki

)2

pp
(1)

where pp is the degrees of freedom, Sji (λi) is the jth model
curve for the corresponding p and q linear combination
of composite and graphite porous grains and T ki (λi) is
for the observed curve, λi are the wavelength points with
i = 1, n where n are the number of wavelength points of
the extinction curves.

The combination of p and q gives minimized χ2 values
which are shown in Table 2.

Figures 5, 6, 7 show the interstellar extinction curves
for the composite grains with N = 912, 7208 and 57 856
respectively in the wavelength region of 0.55 µm−0.20 µm.
It is to be noted here that for the grain models with
N = 912 and 7208 we have considered small sizes

Table 2. Best fit parameters for the interstellar extinction
curves for the composite dust models for 3 vol. fractions; 10%,
20%, 30%.

Parameters N = 912 N = 7208 N = 57 856

p (10%) 0.2 0.2 0.3
q 0.4 0.4 0.5
χ2 0.0745 0.0823 0.1483

p (20%) 0.1 0.1 0.1
q 0.5 0.5 0.6
χ2 0.0913 0.0943 0.1936

p (30%) 0.1 0.1
q 0.5 0.5
χ2 0.1019 0.1031

(0.001 µ−0.100 µ) for the composite grains that satisfy
the DDA validity criteria. As a result, the models with
N = 912 and 7208 do not fit well in the optical region; i.e.
0.55 µm−0.30 µm but they fit well in the bump region;
i.e. 0.23 µm−0.20 µm. On the other hand, grain models
with N = 57 856 and a size distribution of larger grains
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Fig. 5. Comparison of the observed interstellar extinction
curve with the best fit model curve of composite grains (N =
912) with 20% of volume fraction of inclusions and porous
graphite grains.

(i.e. 0.005−0.250 µ) are found to fit better with the ob-
served curve in the optical region but they do not fit well
in the bump region. The best fit χ2 value in the optical
region for the grain model with N = 57 856 is about 0.07;
which is as good as that found for the other two mod-
els. At present, we have restricted the calculations in the
wavelength region of 0.55 µm−0.20 µm with more empha-
sis on the bump region. We plan to study the extinction
properties for the composite grains with N >∼ 50 000 and
a grain size distribution of 0.001 µ−0.250 µ in the wave-
length region 3.4 µm−0.10 µm. The results (Figs. 5, 6, 7
and Table 2) on the composite grains also indicate that
about 80%–90% silicate accounts for the observed extinc-
tion; the amount of graphite required is very small.

Mathis (1996) and Dwek (1997) have proposed com-
posite fluffy dust models (CFD) to overcome the cosmic
abundance constraints. Since the fluffy aggregates can
produce more extinction per unit mass than their com-
bined individual constituent dust grains, an interstellar
dust model with fluffy aggregates as a major dust com-
ponent will require a minimal amount of carbon and sili-
cate dust. Using the EMT, Mathis (1996) has studied the
optical properties of the composite dust consisting sili-
cates, amorphous carbon and graphite. Combining these
composite grains and a separate component of graphite
grains, he has obtained the cosmic carbon abundance,
C atoms per 106 H atoms, C/H, of about 140–160; consid-
erably lower than that predicted by the solid grain model,
>∼300 ppm (Mathis et al. 1977) but it is still significantly
above the value of 110 implied from the recent ISM val-

Fig. 6. Comparison of the observed interstellar extinction
curve with the best fit model curve of composite grains (N =
7208) with 20% of volume fraction of inclusions and porous
graphite grains.

ues (Mathis 2000). From the composite grain models we
have proposed here, we estimate C abundance to be be-
tween 150–170. In a recent review, Snow (2000) has ad-
dressed the issues related to and the question of appropri-
ate reference abundance standards and has noted that no
model for the dust extinction copes successfully with the
reduced quantities of available elements imposed by the
revised cosmic abundance standards and the consequent
reductions in depletions.

4. Summary and conclusions

The composite dust models, made up of the host sil-
icate spheres and graphite inclusions, are generated
using the modified DDA code (Dobbie 1999). The DDA
validity criteria for each model; i.e. with N = 912, 7208
and 57 856, are presented. The optical properties for the
composite grains are studied in the wavelength region
of 0.20 µm−0.55 µm. In particular, the extinction is stud-
ied as a function of the inclusion size and volume frac-
tion. Our results show that the wavelength of peak ex-
tinction shifts towards longer wavelength as the volume
fraction of the inclusion decreases. These results indicate
that the inhomogeneity within the grains can produce the
shift in the central wavelength of the extinction bump as
well as variation in the width of the bump. The wave-
length of peak extinction does not seem to shift with the
size of the inclusion. Using the extinction efficiencies of
the composite grain models and the graphite grains we
have evaluated the interstellar extinction curves in the
wavelength region of 0.55 µm−0.20 µm. The model curves
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Fig. 7. Comparison of the observed interstellar extinction
curve with the best fit model curve of composite grains (N =
57 856) with 10% of volume fraction of inclusions and porous
graphite grains.

are found to fit the observed extinction reasonably well.
We plan to extend these calculations on the composite
grains with N >∼ 50 000 and the grain size distribution
of 0.001 µ−0.250 µ to reproduce the observed extinction
in the entire spectral region of 3.4 µm−0.10 µm. However,
these DDA calculations would require considerable com-
puter memory and cpu time. It would be, therefore, very
useful to develop the effective medium theory with Mie-
type series solutions for the composite grains (e.g. Wolff
et al. 1998, Voshchinikov & Mathis 1999). We also plan
to study the scattering properties (viz. scattering phase
function, polarization, asymmetry parameter, albedo) for
the composite grains and use these results to interpret the
observed scattering from the cometary dust.
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