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Abstract. Interstellar extinction curve B(V)/E(B-V) vs 1/X & Huffman, 1983). The effects related to the fluctuations of the
is evaluated in the spectral ranged pm and0.1 ym using the dielectric function within the inhomogeneous structures such as
extinction efficiencies of the porous silicate and graphite grairsurface roughness and special distributions of the components
The extinction efficiencies of the porous silicate and graphitan not be treated by the averaging approach of the EMT's. The
grains are computed using the discrete dipole approximatidiscrete dipole approximation (DDA) allows the consideration
(DDA). The model curves are compared with the average ati-irregular shape effects and special distributions of the com-
served interstellar extinction curve. Further, we investigate thenents in the particles (Wolff et al., 1994; Wolff et al., 1998).
effect of porosity on the extinction in the UV in details and show In our earlier paper (Vaidya & Gupta 1997, hereafter Pa-
that the inhomogeneity (porosity, structure) within the grainger 1) using DDA we had obtained the extinction efficiencies
can produce shift in the central wavelength of the extinctiaf the porous silicate and graphite grains and we had evaluated
peak in the UV, as well as variation in its width. The albedo fdhe interstellar extinction curve betwe@s5 m and0.20 pm.
the porous grains in the UV and the visible spectral range is alBoese results clearly showed that the extinction properties of
computed and it is found to be consistent with the observatiotise grains are modified if the grains are porous. This motivated
us to study the extinction properties of the porous silicate and
Key words: ISM: dust, extinction graphite grains in the wavelength range betwéeib um to
3.4 pm in the infrared and fron0.20 pm to 0.10 pm in the ul-
traviolet region and to evaluate the interstellar extinction curve
1. Introduction (i.e. EA-V)/E(B-V) vs 1/)) in the entire wavelength range of
o ) _ _ 0.10to 3.4 um. We have also evaluated the albedo, i.e. the ratio
It is highly unlikely that the interstellar grains have regulags Qsca/Qext for the porous grains in the UV and the optical
shapes (i.e. spherical, cylindrical or spheroidal) or that they 3&yion.
homogeneous in composition and structure. The collected in- |, gect. 2 we give the validity criteria for the DDA and the
terplanetary particles are highly porous and consist of 100S@lyrous grain models. In Sect.3 we present the results of our

aggregated collections of sub-grains (Brownlee, 1987). Mathismputations and discuss these results. The main conclusions
& Whiffen (1989), Henning & Stognienko (1993), Wolff et al.,qf oy study are given in Sect. 4.

(1994) and Bazell & Dwek (1990) have considered that interstel-

lar grains too have this morphology and composition. Recently, ] o

in order to overcome the ‘interstellar carbon crisis’ (or the abuf: Discrete Dipole Approximation (DDA)
dance constraints) Mathis (1996) and Dwek (1997) have pro-&nd porous grain models

posed a composite fluffy dust model. The optical properties 9jigity Criteria for Discrete Dipole Approximation:

these porous and fluffy particles should be quite different frOJﬂ_le discrete dipole approximation (DDA) method is described

those of solid homogeneous particles. Unfortunately, itis notyt?e# Purcell & Pennypacker (1973) and Draine (1988). The DDA

possible to (lgorously treatthe apsorphon and scattenng of IIgr[enolaces the solid particle by an array of N point dipoles. When
by porous (inhomogeneous) or irregularly shaped patrticles. o . . .
rain is exposed to an electromagnetic wave, each dipole is

general, there are two approaches to calculate optical properﬁ%

of the inhomogeneous (porous) particles. One approachis to H&fdis due to all other dipoles. There are two validity criteria for

the finite element method. e.g. Discrete Dipole Approximati(BDA (Draine & Flatau, 1994 and Wolff et al., 1994): viz. (i)

(DDA). The second approach is the application of the effective < . I i
medium theories (EMT’s). In EMT the inhomogeneous partic\{gL'kd < 1 wherem is the complex refractive index, = /A

. . .S the wave number, andlis the lattice dispersion spacing and
is replaced by a homogeneous one with some averaged ‘e

o . : ) . |S'd should be small enough (N should be sufficiently large) to
tive’ dielectric function (for discussion on EMT see e.g. BOhrec{iliescribe the shape of the particle satisfactorily. We have used

Send offprint requests tRanjan Gupta (rag@iucaa.ernet.in) the DDA program ‘DDSCAT.4c’ (Draine & Flatau, 1995) to

er the radiation field of the incident wave as well as the
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Table 1. Validity Criteria for silicate Grains

Wavelength  Silicate Silicate Silicate
N=152 N=1184 N=4088

(,Um) Amax (M) Amax (M) Amax (M)
0.1000 0.030 0.06 0.09
0.1500 0.030 0.07 0.10
0.2000 0.055 0.11 0.17
0.3000 0.090 0.19 0.25
0.5500 0.170 0.35 0.50
0.7000 0.215 0.42 0.63
1.0000 0.308 0.64 0.92
2.2000 0.678 1.34 2.03
3.4000 1.000 2.08 3.12
Porous to be very small (less thah1 x) in order to satisfy the DDA
z e validity criteria in the UV. In Paper | we had given a table as
Fig. 1. A model of the porous dust grain WitN = 1184 dipoles well as two figures showing the range of applicability of DDA

in the spectral rang®,20 1m—0.55 um, for the porous silicate

and graphite (Elr) grains.
generate the porous grains. In this program it is assumed thatYSing DDA, Wolff etal., (1994) have investigated the effects
the dipoles are located on a cubic lattice. Initially we assurRE POrosity on electromagnetic scattering and have compared
a large number of dipoles Nx, Ny, Nz along the axis X, V, their results with those obtained using the effective medium
for the spheroidal target grain. This would result in a certaff€0ry (EMT). Vaidya & Desai (1996) have used DDA to study
number of N dipoles in the solid grain (e.y = 4088 in the the scattering properties of porous grains. '_I'hey have used the
present case). Then we reduce Nx, Ny, Nz to generate the porBpEUS grain model to explain the low density and low albedo
grains. These dipoles are reduced such that the shape of the #8f¢rved in the dust coma of the comet Halley. DDA has also
does not change. The assumed shape of the grain is a pr utilized to study composite particles and to determine the
spheroid with axial ratio of 1.3. If the semi-major axis and senimits of EMT (Bazell & Dwek, 1990; Perrin & Lamy, 1990;
minor axis of the prolate spheroids are denoted fgandy /2 Ossenkopf, 1991; Stognienko etal., 1995 and Wolff et al., 1993).
respectively thea?® = (x/2) * (y/2)?; wherea is the radius of
a sphere whose volume is the same as that of a spheroid. 3. Results and discussion

The porosityP is defined a® = 1 — Vyuiia/Viotal; Where L
P o tid/Viotal Ip Paper |, we had presented results for the extinction by the

Vsolid IS the volume of the solid material inside the grain an o . L .
Jorous silicate and graphite grains in the wavelength region

Viotal IS the total volume of the grain (Greenberg, 1990; Ha 0.90 10 0.55 Th h tin th fincti
& Greenberg, 1990). The porosity P of the grain varies betwegf " ©-= 4t 10 9.5 um. The enhancement in the extinction
or porous grains was clearly indicated at certain wavelengths

0 < P < 1. Accordingly, using DDSCAT.4c the porous grai . ) .
m(?dels<with the nurlnl:?e); c:jf (;ipgcrte\l — 4088 1184F;nd lisg arleand for some wavelengths it deviated from that obtained for the
' 8Fd grains. This motivated us to study the effect of porosity

enerated (Vaidya & Desai, 1996 and Paper I). These levels® - - . L
9 ( y per 1) the extinction for the silicate and graphite grains in the near

porosities are selected to maintain the spheroidal shape of ?He
grain i.e. axial ratio of 1.3). infrared wavelengths betwe@n70 ym and3.4 um as well as

As an illustrative example we show in Fig. 1 the porou'Q the ultraviolet region betwedn20 ym and0.10 pm. In this

grain model with N = 1184. This figure is produced by usin aper we presenF _the results for the entire spectral range from
the ‘calltarget and ‘dtarget’ programs (Draine & Flatau, 1995)-+ /10010 im; i.e. 22 wavelengths. The prolate spheroidal
Tables 1 & 2 show thenaximum radiuga,,...) of the grain rains are assumed to be randomly oriented.
that satisfies the validity criteria for DDA (viznkd = 1) at
several wavelengths fdN = 4088, 1184 and 152 for silicatesSilicates: Fig. 2 shows the plots of the extinction efficiency
and graphite respectively. The complex refractive indices m f@x.,; vs 1/ for the porous (N = 152,1184,4088) silicate grains
silicates and graphite are obtained from Draine (1985, 198if).the wavelength range &f10 xm—3.4 um for the grain size
In the case of graphite, results for both the dielectric functiofi$a = 0.01 p (i) a = 0.05 p (iii) a = 0.10 pand (ivlz = 0.25 .
i.e. parallel (Ell) and perpendicular (Elr) are shown. These plots show that for small grain sizes (.61 x and
It is seen from the Tabkl1 & 2 that in the UV region the 0.05 i) there is not much variation in the extinction with the
DDA is valid for grain sizes of aboui.1 x for N = 1184 and porosity whereas for larger grain sizes= 0.10 p and0.25 1)
about0.2 1 for N = 4088 whereas in the IR it is valid for largerthe extinction is modified considerably especially in the visible
grain sizes, betwean2 . and2.0 p for N = 1184 and between and the UV region. For these large grain sizes each porous grain
0.3 xand3.0 p for N = 4088. Porous grains witN = 152 need model is valid upto a certain wavelength (see Table 1) beyond
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Table 2. Validity criteria for graphite grains

Wavelength  Grap(Ell) Grap(Ell) Grap(Ell) Grap(Elr) Grap(Elr) Grap(Elr)
N=152 N=1184 N=4088 N=152 N=1184 N=4088

(um) amaw(U) amaw(U) amaac(/i) amaac(/i) amaw(U) amaw(U)
0.1000 0.03 0.05 0.07 0.020 0.04 0.07
0.1500 0.04 0.08 0.12 0.060 0.13 0.20
0.2000 0.06 0.13 0.20 0.080 0.17 0.25
0.3000 0.08 0.15 0.25 0.050 0.10 0.15
0.5500 0.10 0.21 0.33 0.091 0.19 0.27
0.7000 0.16 0.33 0.50 0.111 0.22 0.33
1.0000 0.24 0.48 0.70 0.142 0.28 0.72
2.2000 0.54 1.07 1.62 0.242 0.48 0.72
3.4000 0.84 1.66 2.52 0.322 0.63 0.96
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F|g 2. EXtinCtiOn eﬂ:iciencies@ext) fOI’ pOrOUS Silicate gl’ainS. F|g 3. Extinction eﬁiciencies(@ext) for porous Graphite grains_

this wavelgngth the e>§t|nct|on curve would ShO.W Irr‘:"QUI""r'%xtinction peak, as well as the variation in the width of the peak,
e.g. especigyiN = 152 in the UV spectral range; i..30 pm—

s ) ; ___as the porosity increases.
0.10 um. Fig. 2 also showR).,, curvesfor solid sphericalgrains 1 jer to emphasize these aspects we show in Fig. 4, the
obtained using Mie theory.

extinction efficiencyQ.x¢ for the porous graphite grains for

a = 0.05u in the wavelength region.2 ym—0.30 um. This
Graphites: Fig. 3 shows plots of).. vs 1/ for the porous plot shows the shift in the absorption peak; frar ym—! for
graphite grains with (i) = 0.01 x (ii)a = 0.05 i (iii)a = 0.1 solid Mie curve to4.1 um~" for porous grains wit N = 152,
and (iviz = 0.25 u. Exceptfor the curves with a very small grairit also shows the variation in the width of the ‘bump’; i.e. it
size,i.e. (ip = 0.01 u, all the other curvesi.e.fer=0.05,0.1 broadens as the porosity increases. These results on the porous
and0.25 p show the variation in the extinction with the porositygraphite grains show that the inhomogeneity within the grains
As mentioned earlier in the case of silicates, for large grain sizean produce shift in the central wavelength of the extinction
i.,e.a = 0.1 anda = 0.25 u; each porous grain model will bump as well as the variation the width of the bump. For small
be valid upto a certain wavelength (check Table 2) and beyogihphite graina = 0.005 i, Perrin & Sivan (1990) had found
that wavelength the extinction curves for that model would stahat the width of the extinction bump was modified by porosity
showing irregularities (e.dN = 152 in the UV spectral range).but the maximum of the bump did not shift with porosity. Draine
These curves also show a shift in the central wavelength of &lalhotra (1993) have found the shiftin the central wavelength
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Fig. 4. Extinction efficienciesQex) for porous Graphite grains in the Fig. 5. Comparison of the observed interstellar extinction curve with

UV region for grain size.05 . the best fit model combination curve of porous silicate and graphite
grains with the number of dipadeN = 152.

of the bump in the coagulated graphite grains, but they did not

find any appreciable change in the profile width.

wherepp is the degrees of freedorﬂ,{(ki) is the j** model

Interstellar Extinction Curve: The interstellar extinction curve CUrve for the correspondingandg linear combination of sili-
(i.e. the variation of extinction with wavelength) is usually exéate and graphite porous grains éfﬂ)\z) is for the observed
pressed by the ratio E{V)/E(B-V) vs 1/) and the ratio R of Curve,A; are the wavelength points with= 1,7 for n = 22
total to selective extinction is expressedias- A, /E(B — V). Points of the extinction curves. o
The average observed value of R is 3.1 (e.g. Savage & Mathis, Figs. 5, 6 and 7 show the best fitinterstellar extinction curves
1979). for the porous grain modeIN = 152, N = 1184 athN = 4088
We use the extinction efficiencies of the porous silicate af@spectively. Table 4 shows the bestfit parameteyandy* for
graphite grains and the power law grain size distribution (i_gn_ree size dlstrlt.)uu.onsthat we havg used fo.r.these curves. These
n(a) ~ a3, see e.g. Mathis et al., 1977) to reproduce tnelues ofp andg indicate the proportions of silicate and graphite
interstellar curve. components required to fit the observed extinction curve. It is
The average observed interstellar extinction curve (Savagfén that in most of the cases, the combination of 50% silicate
& Mathis, 1979) is then compared with the model curve forme#'d 40% graphite fit the observed extinction curve best.
from a2 minimized and best fit linear combination of porous 't is to be noted here that for the grain models with N =
silicate and graphite grains in the following way: 152 (Fig. 5) we have considered small grain sizes that satisfy
The two model interstellar extinction curves for silicate andf€ DDA validity criteria. As a result models WitN = 152
graphite porous grains are linearly combinedpatmes sili- o_Io not fit well in th_e ir and the V|S|_ble s_pectral range but they
cate and; times graphite to render a net curve for comparisdH reéasonably well in the bump region (i@23 m—0.20 yum).
with the observed curve. By varyingandg individually from  Grain Models wih N = 1184 ad N = 4088 with larger grain
0.1 to 1.0 in steps of 0.1, a set of 20 curves are generated 8f§S fit better with the observed curve (Figs. 6 & 7).
the comparison with the observed curve gives a set of reduced

>€2jval~ues- The combination qf and ¢ which gives a mini- Extinctioninthe UV and the ‘2175’ featureDespite continuing

mum?; value in this setis chosen and such combinations arasearch over the last 30 years, the identification of the 2175

corresponding minimuny?2 .. values are shown in the Table 4 feature remains controversial. The most widely accepted expla-
J )

The set of reduce(,{?j values is defined as (Bevington,natlon. of.the 2173 b“”f'p has been the extmqtlon by ;mall
1969): graphite interstellar grains (e.g. Hoyle and Wickramasinghe,

1962; Mathis et al., 1977 and Draine, 1988). However, as indi-
~ Z?Zl(sg' — TF)? cated earlier, the structure of the grains also plays an important
X7 = op () role in the interstellar extinction. Using the extinction efficien-
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Fig. 6. Comparison of the observed interstellar extinction curve withig- 8. Comparison of the observed interstellar extinction curve in the
the best fit model combination curve of porous silicate and graphifmp’ region with the best fit model combination curve of porous

grains wih N = 1184.

a= 0.005-0.250 u
15 T T T

10 —

L. Observed"‘xExtinC‘tion

_ Silicate(Porous4088)

_ Graphite(Porous4088)

_ x?® minimized(Porous4088)

1/A(um™)

silicate and graphite grains WwifN = 152.

Table 3. Best fit values op, ¢ and minimizedy? for porous grains of
sizes0.005-0.250 y, 0.005-0.125 p and0.005-0.100 p and number
of dipoles N = 152,1184 and 4088

Parameters 0.005-0.250 0.005-0.125 0.005-0.100
No. of dipoles N = 152

D 0.6 0.5 0.5

q 0.4 0.4 0.4
X2 0.1639 0.1509 0.2371
No. of dipoles N = 1184

P 0.5 0.5 0.5

q 0.4 0.4 0.4
X2 0.1083 0.1344 0.2858
No. of dipoles N = 4088

D 0.5 0.5 0.4

q 0.4 0.4 0.4
X2 0.094 0.1393 0.2774

These results show that small porous grains with about 60%—
70% porosity fit the observed extinction in the bump region
reasonably well.

Fig. 7. Comparison of the observed interstellar extinction curve with

the best fit model combination curve of porous silicate and graph

grains wih N = 4088.

cies for small .001 4—0.100 ) graphite and silicate porous

Kbedo: In Fig. 9, we show the variation of the albedo =
Qsca/Qext for the porous grain model witN = 1184 in the
optical and the UV spectral range.

The visual albedo of the porous grain model is about 0.6,

grains in the wavelength regién3650 ym—0.20 ym we evalu- which is in agreement with the value suggested by Witt (1989).
ate the interstellar extinction curve. Fig. 8 shows the interstell@he albedo predicted by the composite fluffy dust (CFD) model

extinction curve in the ‘bump’ region i.6.3650 pm—0.20 pm

for the porous grains witN = 152.

is lower, about 0.5 (Mathis, 1996 and Dwek, 1997). The low
albedo of the CFD model was found to be the cause of the excess
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Albedo A = Q_../Q..,

. cability of several mixing rules need to be determined (Chylek
‘ T T T ‘ T T T ‘ T T T ‘

et al., 1988 and Ossenkopf, 1991). It would be very useful to
L a = 0.005 — 0.125 u i compare the DDA scattering properties for porous grains (with
L i a range of porosity) with those computed by the EMT/series so-
0.8 - - lution technique in order to examine the applicability of several

q mixing rules. A synthetic approach combining the laboratory

i 7 data on the porous and fluffy particles (Gustafson, 1996 and
Zerull et al., 1993) with the theoretical calculations would also

help greatly to interpret the observed interstellar extinction and
polarization.

0.6 - e s

Albedo
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