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1 INTRODUCTION

ABSTRACT

A composite dust grain model which is consistent with the observed interstellar
extinction and linear polarization is presented. The composite grain is made up of a
host silicate spheroid and graphite inclusions. The extinction efficiencies of the com-
posite spheroidal grains for three axial ratios are computed using the discrete dipole
approximation (DDA). The interstellar extinction curve is evaluated in the spectral
region 3.40-0.10pm using the extinction efficiencies of the composite spheroidal grains.
The model extinction curves are then compared with the average observed interstellar
extinction curve. We also calculate the linear polarization for the spheroidal composite
grains at three orientation angles and find the wavelength of maximum polarization.
Further, we estimate the volume extinction factor, an important parameter from the
point of view of cosmic abundance, for the composite grain models that reproduce
the average observed interstellar extinction. The estimated abundances derived from
the composite grain models for both carbon and silicon are found to be lower than
that are predicted by the bare silicate/graphite grain models but these values are still
higher than that are implied from the recent ISM values.
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(ISM) are less than their solar values (Snow & Witt, 1996;

The most commonly used interstellar dust grain model, con-
sists of two distinct populations of bare spherical silicate and
graphite grains with a power law size distribution (Mathis et
al. 1977) . This model, popularly known as MRN model pro-
vides an excellent fit to the average observed interstellar ex-
tinction curve. However, it is highly unlikely that the inter-
stellar grains are spherical in shape or that they are homoge-
neous in composition and structure. The collected interplan-
etary particles are nonspherical and highly porous and com-
posites of very small sub-grains glued together (Brownlee,
1987). Moreover, the interstellar polarization that accom-
panies extinction requires that the interstellar grains must
be aligned and nonspherical (Wolff et. al. 1993). Recently
Stark et al. (2006) have suggested the growth of spheroidal
grains via plasma deposition in the supernova remnant. The
elemental abundances derived from the observed interstellar
extinction also do not favour the homogeneous composition
for the interstellar grains. Recent studies suggest that the
abundances of various elements in the interstellar medium

* E-mail: dbv@satyam.net.in;
Theodore.Snow@Colorado.EDU

rag@iucaa.ernet.in and

Voshchinnikov et al., 2006). For example in case of carbon,
its solar abundance normalized to a hydrogen abundance
of 10° atoms, is about 355 (Grevesse et al. 1996). In the
ISM the abundance of this element is significantly lower,
about 225 C atoms (Snow & Witt 1995). Also a significant
amount of this interstellar carbon is in gas phase. From CII
2325A absorption measurements, Cardelli et al. (1996) have
inferred a C abundance of about 150 atoms . This means that
a total of about 100 C atoms are available for the dust phase,
compared with about 300 atoms required for the bare grain
models (e.g. Mathis et al. 1977, MRN). In order to overcome
the cosmic abundance constraints Mathis & Whiffen (1989),
Mathis (1996) and Dwek (1997) have proposed composite
grain models consisting of silicate and amorphous carbon as
constituent materials. They have used effective medium the-
ory (EMT) to calculate the optical constants for composite
grains and then used the Mie theory to calculate extinction
cross sections for spheres In EMT the inhomogeneous par-
ticle is replaced by a homogeneous one with some ’average
effective dielectric function’. The effects related to the fluc-
tuations of the dielectric function within the inhomogeneous
structures cannot be treated by this approach of the EMT.
Mathis (1996) has also noted the uncertainty in the use of
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EMT for treating the composite grains and has suggested
that detailed calculations such as the DDA would be neces-
sary for the treatment of voids in silicate/graphite particles
for some wavelengths.

Tati et al. (2004) have studied optical properties of com-
posite grains as grain aggregates of amorphous carbon and
astronomical silicates, using the transition matrix approach.
Voshchinnikov et al. (2005) have studied properties of com-
posite grains as layered spheres. Very recently Voshchinnikov
et al. (2006) have studied the effect of grain porosity on inter-
stellar extinction, dust temperature, infrared bands and mil-
limeter opacity. They have used both, the EMT-Mie based
calculations and layered sphere model.

We have used discrete dipole approximation (DDA) to
study the extinction properties of the composite grains. For
the description on the DDA see Draine (1988). The DDA
allows the consideration of irregular shape effects, surface
roughness and internal structure within the grain (Wolff et
al. 1994, 1998 and Voshchinnikov et al. 2005). For discus-
sion and comparison of DDA and EMT methods, including
the limits of the effective medium theory, see Bazell and
Dwek (1990), Perrin and Lamy (1990), Perrin and Sivan
(1990), Ossenkopf (1991) and Wolff et al (1994). In our ear-
lier study we had used composite spherical grain models to
evaluate the interstellar extinction curve in the wavelength
range 0.55-0.20um (Vaidya et.al. 2001).

In the present study, we use more realistic composite
spheroidal grain models and calculate the extinction effi-
ciencies in the extended wavelength region, 3.40-0.10pm and
linear polarization in the visible - near infrared region, i.e.
0.35-1.00pm.

Using these extinction efficiencies of the composite
grains with a power law type grain size distribution we eval-
uate the interstellar extinction curve and linear polarization.
In addition to reproducing the observed interstellar extinc-
tion curve, the grain model should also be consistent with
the abundance constraints. We estimate the volume extinc-
tion factor, an important parameter from the point of view
of the cosmic abundance, for the composite grain models
that reproduce the average observed extinction. In section
2 we give the validity criteria for the DDA and the com-
posite grain models. In section 3 we present the results of
our computations and discuss them. The main conclusions
of our study are given in section 4.

2 DISCRETE DIPOLE APPROXIMATION
(DDA) AND COMPOSITE GRAINS

The basic DDA method consists of replacing a particle by
an array of N oscillating polarizable point dipoles (Draine,
1988). The dipoles are located on a lattice and the polariz-
ability is related to the complex refractive index m through
a lattice dispersion relationship (Draine & Goodman, 1993).
Each dipole responds to the external electric field as well as
to the electric field of the other N-1 dipoles that comprise
the grain. The polarization at each dipole site is therefore
coupled to all other dipoles in the grain.

In the present study, we have used the ddscat6.1 code
(Draine & Flatau, 2003) which has been modified and devel-
oped by Dobbie (1999) to generate the composite grain mod-
els. The code, first carves out an outer sphere (or spheroid)

Host & Incl.
N=9640

Figure 1. A typical non-spherical composite grain with a total
of N=9640 dipoles where the inclusions embedded in the host
spheroid are shown such that only the ones placed at the outer
periphery are seen.

from a lattice of dipole sites. Sites outside the sphere are
vacuum and sites inside are assigned to the host material.
Once the host grain is formed, the code locates centers for
internal spheres to form inclusions. The inclusions are of
a single radius and their centers are chosen randomly. The
code then outputs a three dimensional matrix specifying the
material type at each dipole site which is then received by
the ddscat program. In the present case, the sites are either
silicates, graphite or vacuum.

Using the modified code, we have studied composite
grain models with a host silicate spheroid containing num-
ber of dipoles N=9640, 25896 and 14440, each carved out
from 32 x 24 x 24, 48 x 32 x 32 and 48 x 24 x 24 dipole sites,
respectively; sites outside the spheroid are set to be vacuum
and sites inside are assigned to be the host material. It is to
be noted that the composite spheroidal grain with N=9640
has an axial ratio of 1.33, whereas N=25896 has the axial
ratio 1.5, and N=14440 has the axial ratio 2.0. The volume
fractions of the graphite inclusions used are 10%, 20% and
30% (denoted as f=0.1, 0.2 and 0.3) Details on the computer
code and the corresponding modification to the ddscat code
(Draine & Flatau 2003) are given in Dobbie (1999), Vaidya
et al. (2001) and Gupta et al. (2006). Figure 1 and 2 il-
lustrate the composite grain model with number of dipoles
N=9640 for the host spheroid and eleven inclusions.

Table 1 shows the number of dipoles for each grain
model (first column), number of dipoles per inclusion with
the number of inclusions denoted in bracket for volume frac-
tion f=0.1 (second column). The third and fourth column are
the corresponding values for the remaining volume fractions
i.e. f=0.2 and 0.3.

There are two validity criteria for DDA (see e.g. Wolff
et al. 1994); viz. (i) |mlkd < 1, where m is the complex
refractive index of the material, k=7/\ is the wavenumber



Table 1. Number of dipoles for each inclusion for the three model
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No. of Dipoles(Axial ratio)

f=0.1 f=0.2 f=0.3

N=9640(1.33)
N=25896(1.50)
N=14440(2.00)

152(6) 152 (11)  152(16)
224(6) 224 (11) 224(16)
432(7) 432 (13)  432(19)

Inclusions
= 11

Figure 2. Same as Fig. 1 but shows the inclusions.

and d is the lattice dispersion spacing and (ii) d should be
small enough (N should be sufficiently large) to describe the
shape of the particle satisfactorily. The complex refractive
indices for silicates and graphite are obtained from Draine
(1985, 1987). For any grain model, the number of dipoles re-
quired to obtain a reliable computational result can be esti-
mated using the ddscat code (see Vaidya & Gupta 1997 and
1999, Vaidya et al. 2001). For the composite grain model,
if the host grain has N dipoles, its volume is N(d)® and if
'a’ is the radius of the host grain , N(d)®=4/3m(a)?, hence,
N=47/3(a/d)?, and if |m|kd < 1 and k==/) the number of
dipoles N can be estimated at a given wavelength and the
radius of the host grain. For all the composite grain models,
with N=9640, 25896 and 14440 and for all the grain sizes,
between a=0.001-0.250y, in the wavelength range of 3.40-
0.10um, considered in the present study; we have checked
that the DDA criteria are satisfied.

Table 2 shows the maximum grain size 'a’ that satis-
fies the DDA validity criteria at several wavelengths for the
composite grain models with N=9640, 14440 and 25896.

It must be noted here that the composite spheroidal
grain models with N=9640, 25896 and 14440 have the ax-
ial ratio 1.33, 1.5 and 2.0 respectively and if the semi-major
axis and semi-minor axis are denoted by x/2 and y/2 respec-
tively, then a® = (x/2)(y/2)?, where where ’a’ is the radius
of the sphere whose volume is the same as that of a spheroid.
In order to study randomly oriented spheroidal grains, it is

necessary to get the scattering properties of the composite
grains averaged over all of the possible orientations; in the
present study we use three values for each of the orientation
parameters (3, fand¢), i.e. averaging over 27 orientations,
which we find quite adequate (see e.g. Wolff et al. 1998).

3 RESULTS

3.1 Extinction Efficiency of Composite Spheroidal
Grains

Earlier, we had studied the extinction properties of compos-
ite grains made up of the host spherical silicate grains with
graphite inclusions in the limited wavelength region 0.55—
0.20pum (Vaidya et al. 2001). However, since the observed
interstellar polarization requires that the interstellar grains
must be nonspherical, in the present paper we study the
extinction properties and linear polarization of the compos-
ite spheroidal grains with three axial ratios, viz. 1.33, 1.5
and 2.0, corresponding to the grain models with number of
dipoles N=9640, 25896 and 14440 respectively, for three vol-
ume fractions of inclusions; viz. 10%, 20% and 30%, in the
extended wavelength region 3.40-0.10um.

Figures 3 (a-f) show the extinction efficiencies (Qext) for
the composite grains with the host silicate spheroids contain-
ing 9640, 25896 and 14440 dipoles, corresponding to axial
ratio 1.33, 1.5 and 2.0 respectively. The three volume frac-
tions, viz. 10%, 20% and 30%, of graphite inclusions are also
listed in the top (a) panel. The radius of the host composite
grain is set to 0.01u for all the cases. The extinction in the
spectral region 0.55-0.20pm is highlighted in the panels (d),
(e) and (f).

The effect of the variation of volume fraction of inclu-
sions is clearly seen for all the models. The extinction effi-
ciency increases as the volume fraction of the inclusion in-
creases. It is to be noted that the wavelength of the peak
extinction shifts with the variation in the volume fraction
of inclusions. These extinction curves also show the varia-
tion in the width of the extinction feature with the volume
fraction of inclusions. All these results indicate that the in-
homogeneities within the grains play an important role in
modifying the '2175A ’ feature. Voshchinnikov (1990) and
Gupta et al. (2005) had found variation in the '2175A  fea-
ture with the shape of the grain, and Iati et al. (2001, 2004);
Voshchinnikov (2002); Voshchinnikov and Farafonov (1993)
and Vaidya et al. (1997, 1999) had found the variation in
the feature with the porosity of the grains. Draine & Mal-
hotra (1993) have found relatively little effect on either the
central wavelength or the width of the feature for the coag-
ulated graphite silicate grains.

We have also computed the extinction efficiencies of the
composite spheroidal grains using the EMT-T-matrix based
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Table 2. DDA validity criteria
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Figure 3. Extinction Efficiencies for the composite grains of size
0.01p with host spheroids containing dipoles N=9640, 25896 and
14440 are shown in (a),(b) and (c) in the wavelength region, 3.40—
0.10pm. The panels (d),(e) and (f) show the extinction curves in
the wavelength region 0.55-0.20pum.

calculations. These results are displayed in Figures 4 (a-c).
For these calculations, the optical constants were obtained
using the Maxwell-Garnet mixing rule (i.e. effective medium
theory, see Bohren and Huffman 1983). Description of T-
matrix method/code is given by Mishchenko (2002). The
extinction curves obtained using the EMT-T-matrix calcula-
tions, deviate from the extinction curves obtained using the
DDA, particularly in the ’bump region’, i.e. 0.55-0.20um. In
Figures 5 (a-c) we have plotted the ratio Q(EMT)/Q(DDA)
to compare the results obtained by both methods. The re-
sults based on the EMT-T-matrix calculations and DDA
results do not agree because the EMT does not take into
account the inhomogeneities within the grain; (viz. internal
structure, surface, voids) (see Wolff et al. 1994, 1998) and
material interfaces and shapes are smeared out into a ho-
mogeneous ’average mixture’ (Saija et al. 2001). However,
it would still be very useful and desirable to compare the
DDA results for the composite grains with those computed
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Figure 4. Extinction Efficiencies for the composite spheroidal
grains of size 0.01p with three axial ratios (AR=1.33, 1.5 and
2.0) using EMT-T Matrix based calculations in the wavelength
region 3.4-0.10pm.

by other EMT/Mie type/T matrix techniques in order to
examine the applicability of several mixing rules. (see Wolff
et al. 1998, Voshchinnikov and Mathis 1999, Chylek et al.
2000, Voshchinnikov et al. 2005, 2006). The application of
DDA, poses a computational challenge, particularly for the
large values of the size parameter X (= 2wa/A > 20 ) and
the complex refractive index m of the grain material would
require large number of dipoles and that in turn would re-
quire considerable computer memory and cpu time (see e.g.
Saija et al. 2001, Voshchinnikov et al. 2006).

Mathis & Whiffen (1989), Mathis (1996) and Voshchin-
nikov et al. (2006) in their composite grain models have used
amorphous carbon with silicate. We have not considered it
in the present study as amorphous carbon particles exhibit
absorption at approximately 2500A and also it is highly ab-
sorbing at very long wavelengths and would provide most of
the extinction longward of 0.3um (Draine 1989, Weingart-
ner and Draine 2001). It is also not favoured by Zubko et al.
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Figure 5. Ratio Q(EMT-Tmatrix)/Q(DDA) in the wavelength
region 0.55-0.20um for the composite spheroidal grains of size
0.01p with three axial ratios, AR=1.33, 1.5, 2.0 corresponding to
N=9640, 25896 and 14440 respectively.

(2004). Instead, large PAH molecules are likely candidates
to be the carrier of the interstellar 2175A feature — a natural
extension of graphite hypothesis (Draine, 2003b).

Figures 6(a-d) show the extinction efficiencies (Qext) for
the composite grains for four host grain sizes: viz. a=0.01,
0.05, 0.1 and 0.2 i at a constant volume fraction of inclusion
of 20%.

It is seen that the extinction and the shape of the extinc-
tion curves varies considerably as the grain size increases.
The ’2175A feature’ is clearly seen for small grains ; viz.
a=0.01 and 0.05u, whereas for larger grains the feature al-
most disappears. It is also to be noted that there is no
appreciable variation in the extinction with the axial ra-
tio of spheroidal grains; i.e. 1.33, 1.5, 2.0 corresponding to
N=9640, 25896 and 14440.

3.2 Interstellar Extinction Curve

The interstellar extinction curve (i.e. the variation of ex-
tinction with wavelength) is usually expressed by the ratio
E(A = V)/E(B — V) versus 1/\. We use the extinction effi-
ciencies of the composite grains, with a power law size dis-
tribution (i.e. n(a) ~ a=35, Mathis et al. 1977) to evaluate
the interstellar extinction curve in the wavelength region of
3.40-0.10pm. In addition to the composite grains a separate
component of small graphite grains is required to produce
the observed peak at 2175A in the interstellar extinction
curve (Mathis, 1996). It must also be mentioned here that
the most widely accepted explanation of the 2175A bump
has been the extinction by small (~ a < 0.05u) graphite
grains (e.g. Hoyle and Wickramasinghe 1962, Mathis et al.
1977, Draine 1989). Also, the stability of the observed fea-
ture at 2175A along all the lines of sight rules out the pos-
sibility of using composite grains, made up of silicate with
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Figure 6. Extinction efficiencies for the composite grains with
various sizes with 20% volume fraction of graphite inclusions.

graphite as inclusions to reproduce the feature. (Iati et al.
2001).

The average observed interstellar extinction curve (Sav-
age and Mathis 1979; Whittet, 2003) is compared with with
the model curve formed from a x? minimized and best fit lin-
ear combination of the composite grains (contributory frac-
tion x) and graphite grains (contributory fraction y); i.e the
model interstellar extinction curves for the composite grains
and the graphite grains are linearly combined to render a net
curve for comparison with the average observed extinction
curve. The formula to obtain the minimized x? values is
given by Bevington (1969).

2 _ 2 (S] - TF)?
Xj =T (1)
pp

where pp is the degrees of freedom, Sf()\z) is the jth
model curve for the corresponding xz and y linear combi-
nation of composite and graphite grains and TF(\;) is for
the observed curve, A; are the wavelength points with i=1,n
where n are the number of wavelength points of the ex-
tinction curves. Details are given in our earlier papers (see
Vaidya & Gupta 1999, Vaidya et al. 2001).

Table 3 shows the best fit x? values for the extinction
curves for the composite grain models with volume frac-
tion of inclusions f=0.1, 0.2, 0.3 for three wavelength ranges,
viz. 3.40-0.10um, 3.40-0.55um and 0.55-0.20pm. The num-
bers in the brackets (x/y) adjacent to each x? value is the
fractional contibution of the composite Si+f*Gr and the re-
quired additional small graphite grain e.g. (0.5/0.3) means
that there is 0.5 contribution from the composite grain and
0.3 contribution from this additional graphite grain to ob-
tain the corresponding minimum x? value.

Figure 7 shows the interstellar extinction curves for the
composite grain models with number of dipoles for the host
spheroids N=9640, 25896 and 14440 and volume fractions of
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Table 3. Best fit x? values for the Interstellar Extinction Curves for the Composite Spheroidal grain models in the wavelength range
3.40-0.10pm, 3.40-0.55um and 0.55-0.20um with grain size distribution a=0.005-0.250u. The numbers in the brackets adjacent to each
X2 value is the fractional contibution of the composite Si+f*Gr and the required additional small graphite grain.

Vol. fraction N=9640 N=25896 N=14440
Wayvelength range 3.40-0.10pum

f=0.1 0.1635(0.5/0.3)  0.1811(0.5/0.3)  0.1659(0.5/0.3)
f=0.2 0.2045(0.5/0.3)  0.2483(0.5/0.3)  0.1839(0.5/0.3)
f=0.3 0.3053(0.5/0.3)  0.4532(0.5/0.3)  0.3115(0.5/0.3)
Wayvelength range 3.40-0.55um

f=0.1 0.0148(0.5/0.3)  0.0148(0.6/0.2)  0.0176(0.5/0.3)
f=0.2 0.0273(0.7/0.1)  0.0352(0.6/0.1)  0.0306(0.7/0.1)
f=0.3 0.0360(0.6/0.1)  0.0570(0.6/0.1)  0.0400(0.6/0.1)
Wayvelength range 0.55-0.20pum

f=0.1 0.0672(0.4/0.4)  0.0899(0.4/0.4)  0.0766(0.6/0.3)
f=0.2 0.1192(0.3/0.4)  0.1578(0.3/0.4)  0.1028(0.4/0.4)
f=0.3 0.1376(0.3/0.4)  0.1658(0.3/0.4)  0.1364(0.4/0.4)
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Figure 7. Comparison of the observed interstellar extinction
curve with the best fit model combination curve of compos-
ite grains with three volume fractions of graphite inclusions
(N=9640, 25896 and 14440) and graphite grains in the wavelength
range of 3.40-0.10pm.

inclusions f=0.1, 0.2 and 0.3 in the entire wavelength region
of 3.40-0.10um for the power law grain size distribution,
n(a) ~a~%% in the size range, a=0.005-0.2504.

It is seen from Figure 7 and Table 3 that the compos-
ite spheroidal grain models with N=9640 and f=0.1 fit the
average observed extinction curve quite satisfactorily in the
entire wavelength range considered, i.e 3.40-0.10pum, in this
study The model extinction curves with N=25896, 14440
deviate from the observed extinction curve in the uv region,
i.e. beyond the wavelength ~ 0.1500um (i.e. 6um™"). These
results indicate that in addition to composite grains and

« » » Obs. Extinction N = 9640

- (81+V
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/>T 15
& 1 N = 14440
g . __ (Si+.1Gr)+Gr
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0 2 4 6
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Figure 8. Comparison of the observed interstellar extinction
curve with the best fit model combination curve of composite
grains (N=9640, 25896 and 14440) and graphite grains in the
wavelength range of 0.55-0.20um.

graphite, a third component of very small grains (e.g very
small silicate grains or PAHs) may be required to explain
the extinction beyond 1500A in the UV (Weingartner and
Draine, 2001).

Figure 8 shows the extinction curves in the wavelength
range 0.55-0.20pm for the composite grain models. It is seen
that all the model curves fit quite well with the observed
interstellar extinction curve in this wavelength region. x>
values are also quite low in this region (see Table 3).

We have also evaluated extinction curves for the smaller
size range, viz. a=0.001-0.1004, so that the DDA validity
criteria is satisfied for the grain models with N=9640 in the
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Figure 9. Extinction curves for composite grain models with
N=9640 for the size range, a=0.001-0.100p

uv spectral region (see Table 2). Figure 9 shows the inter-
stellar extinction curves for the composite grain models with
N=9640 in the size range a=0.001-0.100y. The x? values for
these model curves are 0.0908, 0.1094 and 0.1425 for the vol-
ume fractions f=0.1, 0.2 and 0.3 respectively.

These results show that the composite spheroidal grain
models with the axial ratio of the host silicate spheroid
not very large; i.e ~ 1.33, N=9640 and the volume frac-
tion of the graphite inclusions, f=0.1 fit the observed ex-
tinction satisfactorily in the entire wavelength range 3.40—
0.10pum, whereas in the wavelength range 0.55-0.20um, all
the composite spheroidal grain models with N=9640, 25896
and 14440 fit the observed extinction curve better and the
x? values are lower.

Zubko et al. (1996, 1998) have used multicomponent
mixtures of bare spherical grains to analyze the interstellar
extinction curves. They have used the method of regulariza-
tion for this analysis. Recently Iati et al. (2004), Zubko et
al. (2004) Voshchinnikov et al. (2005) and Maron & Maron
(2005) have also proposed composite grain models. How-
ever, all these authors have used EMT to obtain the optical
constants for the composite grain models. Andersen et al.
(2002) have performed extinction calculations for clusters
of polycrystalline graphite and silicate spheres, using dis-
crete dipole approximation. Very recently Voshchinnikov et
al. (2006) have used both EMT-Mie type and layered sphere
based calculations for the composite porous grain models.
Voshchinnikov et al. (2006) have found the model extinc-
tion curves obtained using layered sphere based calculations
fit the observed extinction better.

3.3 Linear Polarization

The linear polarization curve, usually plotted as P versus
1/X, displays a broad peak in the visible region for most stars
and the wavelength of maximum polarization Amax, varies
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from star to star, with a mean value at around 0.55um. The
dependence of the linear polarization on the wavelength is
described by the empirical formula (Serkowski et al. 1975,
Whittet 2003);

P /Pumax = exp[—KIn?(A/Amax)]

where Prax is the degree of polarization at the peak,
and the parameter K, determines the width of the peak.
This formula with K=1.15 provides an adequate represen-
tation of the observations of interstellar polarization in the
visible-NIR region (0.36-1.00pum) (Whittet et al. 1992). It
is also important to note that the wavelength dependence
of interstellar polarization is a function not only of the size,
shape and composition of the dust grain but also of orien-
tation of the grains (see e.g. Wolff et al. 1993).

Using ddscat (Draine and Flatau 2003) we have cal-
culated linear polarization efficiency, |Qpol| = Qext(E) —
Qext (H) for the aligned composite spheroidal grains at sev-
eral orientation angles; where Qext(E) and Qext(H) are ex-
tinction efficiency factors for the directions of the incident
field vector Q(E) and perpendicular Q(H) to the axis of the
spheroid. In this paper we have restricted the polarization
study to the wavelength region between 1.00-0.30um.

In Figure 10 we show the extinction efficiency Qext(E)
and Qext(H) for the composite grain models N=9640, f=0.1
at three orientation angles.

We carried out the linear polarization calculations with
MRN-type power law grain size distribution by varying the
power law index from p = -1.5 to -4.0 and the results
are shown in the Figure 11 along with the Serkowiski’s
curve. It may be noted that the power law index p=-2.3
and -2.5 fit the Serkowski’s curve reasonably well. Figures
12(a) and (b) show the linear polarization for the composite
grain models with N=9640; f=0.1 and 0.05 respectively for
a MRN-type grain size distribution with power law index
p=-2.5, compared with the curve derived from Serkowski’s
formula (Whittet 2003). It is seen that composite spheroidal
grain models with smaller fraction of graphite inclusions, i.e.
f=0.05 fit better with Serkowski’s curve. It is also seen that
the results with § = 90° fit the Serkowski’s curve the best.
Our results are consistent with that pointed out by Mathis
(1979) and Wolff et al. (1993), i.e. for the interstellar po-
larization curve, the model fit parameters including the size
distribution, are quite different from those parameters re-
quired to fit the extinction curve. Mathis (1979) required
a power law index p=-2.5 and Wolff et al. (1993) required
p=-2.7 to fit the Serkowski’s curve. Wolff et al. (1993) have
further noted that the MRN model requires altering the size
distribution to fit the Serkowski’s curve.

These results on the composite spheroidal grains with
silicate and graphite as constituent materials also indicate
that most of the polarization is produced by the silicate ma-
terial. Our results are in agreement with the results obtained
by Mathis (1979) and Wolff et al. (1993). Duley et. al. (1989)
have used a core-mantle grain model consisting of silicate as
core and hydrogeneted amorphous carbon (HAC) as man-
tle and have shown that polarization is mostly produced by
silicate.

It must be noted here that the two most important
parameters characterizing the extinction and polarization
curves are: viz. (i) the ratio R[= A,/E(B — V)] of total to
selective extinction and (ii) Amax; and a linear correlation
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Figure 10. Extinction Efficiency for composite grain model with
N=9640 and f=0.1 at three orientation angles. The curves on the
left panel are for a single size grain a=0.1p and the ones on the
right are for size distribution range a=0.005-0.2504.

exists between R and Amax, given by R=5.6Amax, (Whittet
2003).

The observed ratio of polarization, Py, to the extinc-
tion, Av i.e. Pv/Av is generally 0.025 but higher value, viz.
0.06, is also observed (Greenberg 1978).

We have calculated Pv/Av and Amax for the composite
spheroidal grain models that fit the Serkowski’s curve viz.
Figure 11. These results are shown in Table 4. It is seen
that the grain models with N=9640 and f=0.05 are con-
sistent with the observed values i.e. Amax = 0.55pum and
Pv/Av = 0.02. In the present study, we have not discussed
the mechanism for the alignment of the grains.

3.4 Volume Extinction Factors and Cosmic
Abundances

In addition to reproducing the interstellar extinction curve
any grain model must also be consistent with the abundance
constraints. Snow and Witt (1995, 1996) have reviewed sev-
eral models for the interstellar dust,which provide the data
on the quantities of some elements that are required to re-
produce the interstellar extinction. They have found that
there is not only a carbon crisis (Kim & Martin, 1996) but
there are now tight constraints on other elements as well
and almost all models require about 1.5-2.0 times more sil-
icon than that is available. Mathis (1996) and Dwek (1997)
have proposed composite fluffy dust models (CFD) to over-
come the cosmic abundance constraints. Using the compos-
ite grains of silicates and amorphous carbon Mathis (1996)
has obtained the cosmic carbon abundance of C atoms (per
10° atoms), C/H, of about 140-160. However, Mathis has
used EMT to obtain optical constants for the composite
grains and then used Mie theory to calculate extinction cross
sections, which were then multiplied by a factor 1.09 to ac-

Figure 11. Linear Polarization curves for composite grain models
and fitting with the Serkowski’s curve with various power law
indices.
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Figure 12. Linear Polarization for Composite Spheroidal Grains
for N=9640 and 25896 with volume fraction of graphite f=0.1 and
f=0.05, compared with Serkowski’s Law.

count for the enhancements in the extinction for the non-
spherical grains. Recently, Zubko et al.. (2004) have also
used EMT/Mie theory to study the optical properties of
composite grains. This approach is found to be questionable
(Saija et al. 2001, Weingartner and Draine, 2001). In our
earlier study on the composite spherical grains (Vaidya et
al. 2001) as well as in the present study on the composite
spheroidal grains (see Figure 5) we have shown the inherent
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Table 4. Interstellar Linear Polarization parameters for composite spheroidal grain models.

Si+Gr Models 6

f=0.1

N=9640 45°
N=9640 60°
N=9640 90°
f=0.05

N=9640 45°
N=9640 60°
N=9640 90°

PV /AV Amaz (,Ufm)
0.007 0.44
0.011 0.44
0.018 0.55
0.012 0.37
0.019 0.55
0.025 0.55

inability of EMT based calculations to treat the scatter-
ing/extinction by composite grains. Wolff et al. (1993) have
also noted that the composite grain model using EMT can-
not achieve a meaningful fit to the observed data. Also, the
use of the 'Be’ amorphous carbon in the composite model
is not favoured as it is much more absorbing at long wave-
lengths and would provide most of the extinction for all
wavelengths > 0.3um (Weingartner and Draine, 2001). We
have used the more accurate DDA method to calculate the
extinction cross sections for the composite grains, made up
of the host silicate spheroids and inclusions of graphite and
have showed that the composite grain models are more effi-
cient than the bare grains, containing single component, in
producing interstellar extinction.

An important parameter from the point of view of cos-
mic abundance is the volume extinction factor V., defined
as the ratio of the total volume of the grains to the total
extinction cross-section of the grains i.e. ZV/ZCeXt()\)
(Greenberg & Hong 1975; Vaidya et al. 1984 and Gupta et
al. 2005). It is to be noted here that V. directly determines
the amount of material required to produce the extinction
at a specific wavelength. Table 3 shows the volume extinc-
tion factor V. for the composite spheroidal grain models at
A = 0.55um.

It is seen that for all the three volume fractions of inclu-
sions, viz. {=0.1, 0.2 and f=0.3, the composite grain model
with N=25896 (axial ratio 1.5) is the most efficient in pro-
ducing the visual extinction. The volume extinction factor
V. is the lowest for this grain model. It is important to
note here, that these values of the volume extinction factors
for the composite grain models, containing silicate as host
and graphite as inclusions, are much lower than what we
had obtained for the bare silicate and graphite grain models
(Gupta et al. 2005). These results on the volume extinc-
tion factors clearly indicate that the composite grains are
more efficient in producing the extinction i.e. the amount
of silicate and graphite required is less than that would be
required for the bare silicate/graphite models. The num-
ber of atoms (in ppm) of the particular material tied up in
grains can be estimated if the atomic mass of the element
in the grain material and the density of the material are
known (see e.g. Cecchi-Pestellini et al. 1995 and Iati et al.
2001). From the composite grain models we have proposed,
we estimate C abundance i.e. C/H to be between 160-180
(including those atoms that produce the 2175A feature),
which is considerably lower than what is predicted by bare

silicate/graphite grain models (e.g. C/H=300 ppm, Mathis
et al. 1977, C/H=254 ppm, Li and Draine, 2001) but it is
still significantly above the recent ISM value of 110 (Mathis
2000) The estimated Si abundance from the composite grain
model presented here is between 24-28, which is higher than
the ISM value of 17 ppm (Snow and Witt 1996, Voshchin-
nikov 2002) but it is lower than the other recent grain models
(~ 32, Li and Draine, 2001). Recently Voshchinnikov et al.
(2006) have estimated very low values for C/H (~137) and
Si/H (~8.8) with their highly porous grain models. In Table
5, we also show the estimated C/H and Si/H abundance val-
ues derived from the composite grain model N=9640 which
is the best fit model. Snow (2000) has addressed the is-
sues related to and the question of appropriate reference
abundance standards and has noted that no model for the
dust extinction copes successfully with the reduced quan-
tities of available elements imposed by the revised cosmic
abundance standards and the consequent reductions in de-
pletions. Draine (2003a) has also pointed that the uncer-
tainties in the gas-phase depletions and in the dust compo-
sitions are quite large and hence one should not worry about
the dust models that contradict the abundance constraints,
up to a factor of two. Weingartner and Draine (2001) have
used populations of separate silicate, graphite and Polycyclic
Aromatic Hydrocarbons (PAHs) spherical grains to obtain
extinction curves in the Milky Way, Large Magellanic cloud
and Small Magellanic cloud. The composite grain models
with silicates, graphite and a separate component of PAHs
as constituent materials may further help to reduce the re-
quirements to match the abundance constraints . Recently,
Piovan et. al (2006) have also noted that any realistic model
of a dusty ISM to be able to explain the UV-optical extinc-
tion and IR emission has to include at least three compo-
nents, i.e. graphite, silicate and PAHs.

4 SUMMARY AND CONCLUSIONS

Using the discrete dipole approximation (DDA) we have
studied the extinction properties of the composite spheroidal
grains, made up of the host silicate and graphite inclusions in
the wavelength region of 3.40-0.10um. We have also calcu-
lated the linear polarization in the wavelength region, 1.00-
0.30um. Our main conclusions from this study are:

(1) The extinction curves for the composite spheroidal
grains show the shift in the central wavelength of the extinc-
tion peak as well as variation in the width of the peak with
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Table 5. Volume Extinction factors V. for Composite Spheroidal Grains and Cosmic Abundances.

Si+Gr Models f=0.1 f=0.2 f=0.3
N=9640 0.209 0.180 0.159
N=25896 0.199 0.165 0.145
N=14440 0.207 0.175 0.152
N=9640 C/HSi/H C/HSi/H C/HSi/H
(ppm) 160,28 170,26 180,24
the variation in the volume fraction of the graphite inclu- ACKNOWLEDGMENTS

sions. These results clearly indicate that the shape, structure
and inhomogeneity in the grains play an important role in
producing the extinction.

We also note that the extinction efficiency in the "bump
region’ for the composite grains obtained with EMT deviate
considerably from that obtained by DDA.

(2) The model extinction curves for the composite
spheroidal grains with the axial ratio not very large (~ 1.33,
N=9640) and 10 % volume fractions of graphite inclusions
are found to fit the average observed interstellar extinction
satisfactorily. Extinction curves with other composite grain
models with N=25896 and 14440 also fit the observed ex-
tinction curve reasonably well, however these model curves
deviate from the observed curves in the UV region, i.e. be-
yond about wavelength 1500A . These results indicate that
a third component of very small particles in the composite
grains may help improve the fit in the UV region (see e.g.
Weingartner and Draine 2001).

(3) The linear polarization curves obtained for the
composite grain models with silicate as the host and very
small volume fraction (f=0.05) of graphite inclusions fit the
Serkowski curve; which indicates that most of the polariza-
tion is produced by the silicate material (see Duley et. al.
1989; Mathis & Whiffen 1989 and Wolf et. al. 1993). The
ratio Py /Av for these composite spheroidal grains is also
consistent with the observed values.

(4) The volume extinction factor for the composite grain
models with host silicate and graphite inclusions, is lower
than that is obtained for the bare silicate/graphite grain
models (e.g. Mathis et al. 1977). These results clearly show
that composite grain model is more efficient in producing the
extinction and it would perhaps help to reduce the cosmic
abundance constraints.

Perets and Biham (2006) have recently noted that due
to complexity of various processes, viz. grain-grain collisions
and coagulation; photolysis and alteration by UV radiation,
X-rays and cosmic rays etc., there is no complete model that
accounts for all the relevant properties of the interstellar
dust grains.

We have used the composite spheroidal grain model
to fit the observed interstellar extinction and linear polar-
ization. The TRAS and COBE observations have indicated
the importance of the IR emission as a constraint on inter-
stellar dust models (Zubko et al. 2004). It would certainly
strengthen the composite spheroidal grain model further, if
it can fit the IRAS observations as well as COBE data on
diffuse IR emission (Dwek 1997) .
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