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ABSTRACT

We report interstellar silicon (Si) depletion and dust-phase column densities of Si along 131 Galactic sight lines
using archival observations. The data were corrected for differences in the assumed oscillator strength. This is a
much larger sample than previous studies but confirms the majority of results, which state that the depletion of Si is
correlated with the average density of hydrogen along the line of sight ((n (H))) as well as the fraction of hydrogen
in molecular form (f(H,)). We also find that the linear part of the extinction curve is independent of Si depletion. Si
depletion is correlated with the bump strength (c; /Ry) and the FUV curvature (c4/Ry) suggesting that silicon plays
a significant role in both the 2175 A bump and the FUV rise.
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1. INTRODUCTION

Depletion studies, particularly those of highly abundant
species, are one way to understand the chemical composition of
the interstellar medium (ISM) and of interstellar dust grains.
One of the most important components of interstellar dust is
silicon, which has a high condensation temperature (1346 K)
and is one of the most abundant metals in the universe (Lodders
et al. 2009). Si is also particularly interesting because it shows a
wide range of depletions in neutral clouds unlike other
abundant elements such as Fe, O, and C. It may comprise up
to 70% of the core mass of the dust grains (Weingartner &
Draine 2001) in the form of silicates. These may be formed in
the outflows of oxygen-rich asymptotic giant branch stars, red
supergiants, and supernovae (Tielens 2005) and are then
processed in the diffuse ISM (Henning 2010). A study of their
abundances over a number of different lines of sight will help
us understand the composition and processing of dust grains in
different environments.

We have used a compilation of interstellar column densities
by Gudennavar et al. (2012) to trace the distribution of silicon
and the variation of the dust properties with the silicon
abundance. The properties and the amount of interstellar dust
vary considerably over these sight lines with E(B — V)
ranging from 0.01 to 0.78 and Ry (=Ay/E (B — V)) ranging
from 2.02 to 5.84. The sheer number of observations help to
clarify correlations and relationships suggested by smaller
studies, and we plan to use these data to study other
interrelationships between elements in the ISM.

Details of the data and analysis are given in Section 2. In
Section 3 we have presented the results and discussion. In
Section 4 we have summarized our conclusions.

2. DATA AND METHODOLOGY

Gudennavar et al. (2012) compiled absorption line data for
3008 stars of which 131 sight lines included silicon column
densities that were taken over 30 years of observations
(Table 1). Most of the sight lines are near the Galactic plane

(Figure 1), and therefore sample dense regions with a complex
structure.

There have been four methods used in the literature to derive
column densities from the observed absorption lines: Curve Of
Growth (COG), Apparent Optical Depth (AOD), Profile Fitting
(PF), and Continuum Reconstruction. A brief explanation of
these methods and a detailed description of the data is given in
Gudennavar et al. (2012).

Most of the silicon lines (84) in our sample have come from
van Steenberg & Shull (1988) who used archival observations
from the International Ultraviolet Explorer (IUE) to derive
column densities to a number of different species. Because of
the relatively poor resolution and low signal-to-noise of IUE,
van Steenberg and Shull fit the abundances with a COG. Most
of the other observations (36) were made using the Goddard
High Resolution Spectrograph (Spitzer & Fitzpatrick 1995;
Savage & Sembach 1996; Redfield & Linsky 2004) or the
Space Telescope Imaging Spectrograph (Sonnentrucker et al.
2003; Gnacinski & Krogulec 2006; Miller et al. 2007) with
higher resolution and better signal-to-noise, which allowed for
PF or, equivalently, AOD fitting. In all cases, the Sin lines are
on the flat part of the COG (saturated in the case of strong
lines) leading to a significant uncertainty in the derived column
density.

The greatest source of error in the abundance measurements
has been that the value of the oscillator strength of the lines has
changed over the 30 years of observations. We have corrected
all of the oscillator strengths to the latest values from the
National Institute of Standards and Technology (NIST)
(Kelleher & Podobedova 2008) and recalculated the column
densities using the equation

7 =2.654 x 10°2N (X)fd(v), (1)

where T is the optical depth, N(X) is the column density of the
species in the cloud in units of atoms cm”2, fis the oscillator
strength of the transition, and ¢(v) is the interstellar absorption
profile. So long as 7 < 1, the equivalent width is commonly


mailto:haris380@gmail.com
mailto:shivappa.b.gudennavar@christuniversity.in
mailto:bubbly.sg@christuniversity.in
mailto:veena.makesh@gmail.com
mailto:jmurthy@yahoo.com
mailto:sofia@american.edu
http://dx.doi.org/10.3847/0004-6256/151/6/143
http://crossmark.crossref.org/dialog/?doi=10.3847/0004-6256/151/6/143&domain=pdf&date_stamp=2016-05-18
http://crossmark.crossref.org/dialog/?doi=10.3847/0004-6256/151/6/143&domain=pdf&date_stamp=2016-05-18

THE ASTRONOMICAL JOURNAL, 151:143 (7pp), 2016 June HARIS ET AL.
Table 1
Sight Line Parameters and the Revised Column Densities of Silicon
Star Name Galactic Coordinates® Spectral type® Distance® EB-V)* =+ Error® N (Siii)Revised” +Error® —Error®
1 b (kpc) (mag) (cmfz) (cmfz) (cm’z)
(deg) (deg)
HD 120315 100.70 65.32 B3V 0.03 0.08 0.01 8.90E+12 8.58E+11 —6.84E+11
HD 116658 316.11 50.84 BIII-IV+... 0.08 0.10 0.02 1.78E+13 1.39E+13 —1.39E+13
HD 158926 351.74 —2.21 B2IV+... 0.18 0.08 0.01 1.56E+14 4.10E+13 —4.10E+13
HD 122451 311.77 1.25 BIIII 0.12 0.06 0.02 4.06E+14 9.46E+12 —9.25E+12
HD 064740 263.38 —11.19 B1.5Vp 0.23 0.01 0.01 4.45E+14 4.30E+13 —5.75E+13
HD 022928 150.28 —-5.77 BSIII 0.16 0.05 0.01 8.29E+14 5.93E+13 —7.30E+13
HD 023630 166.67 —23.46 B71II 0.12 0.05 0.01 8.44E+14 1.10E+13 —1.10E+13
HD 037742 206.45 —-16.59 O9Iab: 0.05 0.13 0.01 1.07E+15 7.05E+14 —3.29E+14
HD 200120 88.03 0.97 B1.5Vnne 0.34 0.02 0.01 1.12E+15 7.38E+14 —3.96E+14
HD 093521 183.14 62.15 O9Vp 1.76 0.05 0.01 1.20E+15 2.79E+13 —8.00E+13
HD 157246 334.64 —11.48 Bllb 0.35 0.05 0.01 1.38E+15 241E+14 —1.78E+14
HD 066811 255.98 —4.71 O4If(n)p 0.43 0.12 0.01 1.41E+15 491E+14 —1.24E+14
HD 036486 203.86 —17.74 09.5I1+... 0.21 0.08 0.01 1.19E+15 6.00E+13 —6.00E+13
HD 037043 209.52 —19.58 0911 0.41 0.06 0.01 1.51E+15 1.46E+14 —1.64E+14
HD 038771 214.51 —18.50 BOIab: 0.20 0.09 0.01 1.54E+15 3.60E+13 —3.73E+14
Notes.
% Gudennavar et al. (2012).
® Silicon column densities revised using the latest oscillator strengths taken from NIST (Kelleher & Podobedova 2008).
(This table is available in its entirety in machine-readable form.)
Table 2
Absorption Lines of Silicon
Vacuum i
Wavelength (;\)
1020.6990 1.39E-02
1190.4158 2.77E-01
1193.2897 5.75E-01
1260.4221 1.22E+4-00
1304.3702 9.28E-02
1526.7066 1.33E-01
1808.0126 2.49E-03
2334.6050 2.99E-06
Figure 1. Distribution of stars in our data set plotted in an Aitoff plot with the Note.

Galactic center at the origin.

parameterized in terms of wavelength as
W/X = 8.85 x 107N (X)fA (:2)

Therefore, for a given transition with a certain value of
equivalent width, the value of the column density will change
with f. Considering this, we can write two equations:
W/A=Nfix and W/X = N, f, \. Therefore, Nifj = N2 f,,
where suffixes 1, 2 represent the old and revised values
respectively of N and f along a particular sight line.

In our data set all of the column densities derived using the
COG method are taken from van Steenberg & Shull (1988).
Because of the relatively poor resolution and low signal-to-
noise of the IUE, they derived the column densities by fitting
the measured equivalent widths to a single-component COG for
the strongest line of the Sin 1525 A line (with a common b
value that is typically based on the seven lines of Feu). N is
then obtained from theoretical single-component COG using
the measured equivalent width (by locating the position of the
line log (W/\) on the COG and reading the horizontal value of
log (Nf))). The change in the f value will lead to a minor shift
in the horizontal axis of the COG with an increase of 14.5% of

 Oscillator strength (f) values from the National Institute of Standards and
Technology (NIST) (Kelleher & Podobedova 2008).

the f value for the Sin 1525 A line. Hence, instead of doing an
entirely new COG, we have recalculated the N values using the
latest f value from NIST. The absorption oscillator strengths (f)
and damping constants of the strongest line are used in the
calculation of theoretical single-component COG given in their
paper. The corrected column densities are listed in Table 1, and
the revised oscillator strengths are presented in Table 2. While
the maximum correction to the column density was 42%, the
more typical correction values were about 20%.

The gas-phase abundance of a species X in the ISM relative
to hydrogen is (N(X)/N(H))gas, Where N(X) and N(H)(=N(H1)
+ 2N(H,)) are the column densities of the species X and
hydrogen respectively along a given sight line. Thus, the
depletion 6(X) of a species X relative to hydrogen is (Sofia et al.
1994)

6(X) = [N(X)/N (H)lgas /[N (X) /N (H) Jet - 3)
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Table 3
The Column Densities of Hydrogen and Calculated Parameters
Star Name NH)* +Error® —Error® log n(H)° log flH,)° N(SDgus® +Error —Error D(Si)*  +Error  —Error
(cm™?) (cmfz) (cmfz) (cm’z) (crnfz) (cmfz)

HD 116658  1.00E+19  2.50E+4+18  —2.50E+18  —1.37E400 —5.75E4+00 3.21E+14  8.20E+13  8.19E+13  —1.28 0.82 0.82
HD 158926  2.51E4+19  6.50E+18  —5.17E4+18  —1.33E+00 —6.23E+00 6.95E+14  190E+14  1.53E+14 —0.74 0.37 0.33
HD 160578  1.55E+20  3.19E4+19  —3.19E+19  —4.70E-01 —5.81E+00 433E+15 9.20E+14 9.20E+14 —0.76 0.21 0.21
HD 068273  6.00E4+19  6.00E+18  —6.00E4+18  —1.13E+00 —5.18E+00  1.02E+15 1.63E+14  1.63E+14  —0.30 0.12 0.12
HD 157246  5.50E+20  8.14E4+19  —7.09E+19  —2.91E-01 —1.20E+00 1.72E+16  2.61E+15 2.28E+15 —1.13 0.23 0.18
HD 036486  1.70E+20  3.40E+19  —3.40E+19  —5.86E-01 —5.31E+00 4.57E+15 9.56E+14  9.55E+14  —0.68 0.21 0.21
HD 202904  5.07E+20  1.49E420 —1.49E+20  —7.85E-02 —1.25E+00 1.60E+16  4.72E+15 4.72E+15 —1.15 0.30 0.30
HD 037043  145E+20 1.76E4+19 —1.57E+19  —9.39E-01 —5.17E+00  3.39E+15 4.89E+14 4.50E+14  —0.51 0.16 0.15
HD 038771  3.30E+20  3.30E+19  —3.30E+19  —2.68E-01 —4.55E+00 9.64E+15 1.01E+15 1.08E+15 —0.86 0.10 0.26
Notes.

4 Hydrogen column densities and their errors taken from Gudennavar et al. (2012).

® Jogarithm of (n (H)), where (n(H)) = N(H)/d as mentioned in the text.
¢ logarithm of f{(H,), where f(H,) = 2N (Hy)/[(N (HI) + 2N (Hy)].

4 The column density of silicon in dust, which is calculated using the equation [N (Si)/N (H) Jause X N(H).

¢ D(Si) and its errors are calculated using the equation mentioned in the text.

(This table is available in its entirety in machine-readable form.)

The logarithmic depletion of the species X, is then
D(X) =logé(X)
=log[N (X)/N (H)lgas — log[N (X)/N (H)Irer. (4)

The dust-phase abundance of a species X relative to hydrogen
is

[NX)/N ) ]ause = [N X)/N M) Irer — [N (X)/N (H) Jgas
)

where we have adopted the solar abundance of (Si/
H)sorw = 33.88ppm (Lodders et al. 2009) for [N(X)/N
(H)]ret- The column densities of silicon, hydrogen, the derived
gas and dust-phase abundances, and depletions for our sample
are listed in Table 3. We have recalculated the error bars, where
available, with the updated oscillator strengths, and these are
also listed in Table 3. We have plotted the depletion of the
silicon as a function of the hydrogen density in Figure 2 with
lo error bars where available. Because the ionization potential
of Si1 is 8.15eV and the ionization potential of Sim is
16.35 eV, almost all of the gas-phase silicon associated with the
neutral hydrogen regions will be in the form of Siu (Gnacinski
& Krogulec 2006).

3. RESULTS & DISCUSSION

We have plotted the depletion of silicon (D (Si)) as a function
of the average hydrogen density (=N(H)/d, where d is the
distance to the star) in Figure 2. There is a clear anticorrelation
between the two such that D(Si) = —0.47 n(H) with a correlation
coefficient of —0.86, indicating that sight lines with greater
average densities have more dust. Note that we have only used
those points with valid errors in the fitting. This may be
interpreted using the two phase model of Spitzer (1985) in which
the ISM consists of warm clouds with little dust and cold clouds
where the grains are both more likely to form through accretion
and are better protected from destruction. Those sight lines with
higher average densities sample denser clouds and, hence, show
greater depletions (Jenkins et al. 1986; Cartledge et al. 2006).
There may be cycling of the interstellar silicon between the gas

Q.5 [T T ]

log n(H)

Figure 2. Depletion of Si (D(Si)) plotted as a function of average density of
hydrogen along the line of sight (log (n (H))) where the reference abundance is
taken to be solar. Both the Si abundances and the error bars have been
corrected for the updated oscillator strengths. Solid square symbols represent
the data points with unusable y-errors; they have not been used in the fitting.
The correlation coefficient is (r) = —0.86. In subsequent plots we have only
shown the data points that have been used in the fitting and for which valid
y-errors are available.

and the dust phases depending on the cloud density
(Whittet 2003).

A similar effect is seen in Figure 3 where we plot the
depletion as a function of f(H,), the fraction of hydrogen in
molecular form, leaving out those points without error bars.
There is a break in the data where those sight lines with
f(Hy) < 0.001 may be identified with diffuse clouds in which
the hydrogen is effectively all in the form of atomic gas. For
sight lines with f{lH,) > 0.001 there is a clear anticorrelation
with a correlation coefficient —0.57, while, for f{H,) < 0.001,
there is either no or a mild correlation (r= —0.26). Self-
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Figure 3. Depletion of Si plotted against the fraction of hydrogen in molecular
form (D(Si) vs. logf (Hy)). Associated uncertainties in log f{H,) and D(Si) are
also shown. The thin line and thick line are used to represent the weighted
linear least squares fit in the diffuse region and dense region respectively. For
f(Hy) > 0.001, slope = —0.32 and linear correlation coefficient = —0.57.

shielding becomes important as the amount of molecular
hydrogen increases and there is a rapid increase in f{H,) at the
threshold value (Savage & Sembach 1996). The Si depletion is
constant with a mean value D(Si) = —0.5 dex for the diffuse
clouds while it increases with increasing f(H,) for the denser
clouds, albeit with considerable scatter in both cases. This
again suggests that grain growth is favored in dense regions of
the ISM (Jones 2000). This study includes measurements from
131 heterogeneous sources, but it confirms most of the
previous results (Savage & Bohlin 1979; Harris et al. 1984;
see also references in Jensen & Snow 2007a, 2007b, and
Jenkins 2009) that find the depletion of Si is correlated with the
average hydrogen density along the line of sight (n(H))) as
well as the fraction of hydrogen in molecular form f(H,).

We have plotted the column density of silicon in the dust
(N (Si)gyst) as a function of E(B — V) in Figure 4. There is a
strong linear correlation of (NV(Si)qus) With E (B — V), perhaps
with a flattening below E(B — V) < 0.1 where there is little dust
and most of the silicon may be in the gas phase. Valencic et al.
(2004) have measured Ry (=Ay /E (B — V) over 42 of the 131
sight lines, and we have plotted the silicon depletion D(Si) as a
function of 1/Ry in Figure 5 finding very little correlation
(r=0.13, p < 0.63). This would be expected if we consider the
silicate core—ice mantle model of the dust grain (Li et al. 2007)
in which the size of the grain is determined by the size of the
core as well as the size of the mantle. Therefore, the grain size
will not necessarily vary as a function of the amount of Si
going onto dust.

The extinction curve has been parameterized (Table 4) by
Fitzpatrick & Massa (1988),

EA-V) _ . 1 -1 1

EG_V) a+aX' +aDXLy, Ag) + aF (X
(6)

where ¢ and ¢, define the linear background, c3 and c4 define
the strengths of the 2175 A bump and the FUV curvature
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Figure 4. N (Si)qus plotted as a function of E(B — V). Associated uncertainties
in E(B — V) and N(Si)gqus are also shown. A correlation is found between
N(Si)gust and E(B — V) with a correlation coefficient of 0.89 for E
(B — V) > 0.1. The weighted linear least squares fit to the points is also shown.
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Figure 5. Depletion of Si (D(Si)) plotted as a function of 1/Ry. Associated
uncertainties in 1/Ry and D(Si) are also shown. The weighted linear least
squares fit to the points is shown. For further explanation please see the text.

respectively, D(X!, v, A\g') defines the shape of the bump
with v and )\61 representing the FWHM and center of the bump
respectively, and F(X') defines the FUV curvature. These
parameters are dependent on E(B — V), and it is more
convenient for us to use extinction parameters normalized to
Ay by dividing by Ry, where Ry = Ay/E(B — V) as
recommended by Cardelli et al. (1989). Valencic et al. (2004)
have compiled the extinction parameters for 42 of the sight
lines in this paper, and we have plotted the Si depletion as a
function of ¢;/Ry, ¢2/Ry, c3/Ry, and c4/Ry, in Figures 6-9,
respectively. The correlation coefficients and linear slopes are
tabulated in Table 5.
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Table 4
Extinction Parameters

Star name 1/Ry" +Error (c1/Ry) + 1° +Error (cs /RV)b +Error (c3 /RV)b +Error (¢4 /RV)b +Error
HD 185418 0.39 0.03 1.82 0.27 0.10 0.02 1.16 0.17 0.16 0.03
HD 023180 0.32 0.04 1.49 0.53 0.10 0.02 1.41 0.29 0.24 0.06
HD 037061 0.23 0.01 1.54 0.15 0.00 0.10 0.31 0.04 0.05 0.01
HD 149038 0.20 0.04 1.18 0.53 0.19 0.05 1.26 0.34 0.14 0.05
HD 203064 0.33 0.04 1.00 0.21 0.25 0.05 0.85 0.24 0.04 0.02
HD 149757 0.39 0.04 1.00 0.10 0.29 0.04 1.87 0.31 0.21 0.05
HD 045314 0.23 0.02 1.07 0.43 0.15 0.02 0.40 0.06 0.05 0.02
HD 069106 0.33 0.05 1.27 0.65 0.10 0.03 0.61 0.19 0.13 0.05
HD 116852 0.41 0.06 0.52 0.25 0.38 0.10 0.63 0.17 0.01 0.01
HD 199579 0.32 0.07 1.10 0.55 0.28 0.07 0.81 0.21 0.20 0.06
HD 024912 0.35 0.06 1.19 0.73 0.27 0.05 0.94 0.22 0.05 0.02
HD 041117 0.32 0.03 1.04 0.33 0.25 0.03 1.37 0.21 0.24 0.04
HD 151804 0.23 0.02 1.40 0.46 0.11 0.02 0.54 0.11 0.12 0.04
HD 147933 0.17 0.01 1.23 0.17 0.02 0.00 0.58 0.09 0.10 0.01
HD 149404 0.28 0.03 1.45 0.31 0.12 0.02 0.80 0.14 0.19 0.04
HD 112244 0.26 0.05 1.46 0.53 0.11 0.03 0.82 0.22 0.19 0.06
HD 209975 0.35 0.05 1.17 0.41 0.26 0.04 1.12 0.22 0.18 0.04
HD 042087 0.32 0.05 1.08 0.68 0.26 0.04 1.41 0.21 0.30 0.05
HD 193322 0.36 0.03 0.91 0.28 0.30 0.04 1.09 0.17 0.03 0.01
HD 002905 0.49 0.16 1.17 0.68 0.42 0.15 1.12 0.41 0.23 0.10
HD 147165 0.26 0.03 1.56 0.30 0.04 0.01 0.63 0.13 0.02 0.01
HD 046056 0.38 0.03 0.76 0.24 0.33 0.04 1.19 0.18 0.20 0.03
HD 154368 0.30 0.01 1.09 0.10 0.22 0.01 1.05 0.10 0.22 0.02
HD 207198 0.36 0.05 0.81 0.26 0.34 0.05 0.98 0.17 0.28 0.04
HD 152233 0.34 0.03 0.54 0.15 0.36 0.05 0.96 0.21 0.10 0.03
HD 152408 0.24 0.02 1.41 0.30 0.10 0.02 0.60 0.11 0.16 0.04
HD 027778 0.39 0.04 1.42 0.25 0.23 0.04 0.88 0.18 0.39 0.06
HD 209339 0.36 0.04 1.16 0.30 0.24 0.04 0.99 0.19 0.08 0.02
HD 101190 0.40 0.03 0.40 0.09 0.40 0.06 1.29 0.23 0.21 0.05
HD 210839 0.50 0.06 0.66 0.39 0.45 0.08 1.55 0.37 0.17 0.05
HD 093205 0.31 0.02 0.93 0.51 0.25 0.03 0.74 0.16 0.17 0.06
HD 122879 0.32 0.03 1.32 0.30 0.23 0.04 1.24 0.23 0.19 0.04
HD 206267 0.35 0.02 1.17 0.36 0.27 0.03 1.02 0.13 0.22 0.04
HD 147888 0.26 0.01 1.47 0.27 0.04 0.01 0.67 0.10 0.09 0.02
HD 001383 0.36 0.02 1.14 0.25 0.23 0.02 1.24 0.17 0.19 0.03
HD 037021 0.17 0.01 1.06 1.05 0.02 0.01 0.23 0.04 0.01 0.01
HD 030614 0.33 0.04 1.10 0.29 0.20 0.03 0.75 0.15 0.13 0.03
HD 152236 0.27 0.03 0.76 0.66 0.26 0.05 1.29 0.37 0.15 0.03
HD 303308 0.33 0.02 0.87 0.21 0.26 0.03 0.90 0.13 0.16 0.03
HD 093843 0.26 0.03 1.37 0.50 0.15 0.04 0.45 0.11 0.18 0.06
HD 034078 0.29 0.02 1.37 0.20 0.14 0.02 1.22 0.16 0.18 0.02
HD 046202 0.34 0.03 0.83 0.26 0.28 0.03 1.07 0.16 0.17 0.03
Notes.

% Where Ry = Ay /E (B — V), the ratio of total to selective extinction.

® Where c1/Ry, c2/Rv, c3/Ry, and c4/Ry are the Fitzpatrick & Massa (1988) parameters for the intercept, slope, 2175 A bump strength, and the strength of the non-

linear FUV rise of the extinction curve, respectively.
Reference. (1) Valencic et al. (2004).

We find that the Si depletion is not correlated with either
(c1/Ry) or (c3/Ry), suggesting that the linear part of the
extinction curve is independent of the Si depletion. The
depletion increases slowly with the bump strength (c3/Ry) and
with the FUV curvature (c4/Ry), suggesting that silicon plays a
small but significant role in both the 2175 A bump and in the
FUYV rise. Figure 8 contains information about bump strength.
It is interesting that the most depleted sight lines have a higher
bump strength (c3) and/or a low Ry. The low Ry sight lines
comprise a larger fraction of small grains than high Ry sight
lines (Valencic et al. 2004). This indicates that for the high
depletion sight lines there is an increase in the fraction of small
grains and vice versa. Hence, as the strength of the extinction
bump increases and/or the fraction of small grains increases

(low Ry), most of the silicon is depleted from the gas phase
onto dust grains.

Figure 9 shows the correlation between Si depletion and
FUV curvature, which indicates the presence of small grains in
the ISM. This is consistent with previous studies that find
silicate grains are responsible for the FUV rise (Mathis
et al. 1977; Hong & Greenberg 1980; Draine & Lee 1984;
Weingartner & Draine 2001), although, some studies suggest
graphite or PAHs (Polyaromatic Hydrocarbons) (Léger
et al. 1989; Jenniskens et al. 1992; Désert et al. l99§; Li &
Greenberg 1997) as the possible reasons for the 2175 A bump
feature and FUV rise. A gradual increase in FUV extinction
with an increase in density indicates either the incorporation of
depleted Si into a new population of small grains or the
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Figure 6. Depletion of Si (D(Si)) plotted as a function of (¢;/Ry) + 1.0.

Associated uncertainties in (c¢;/Ry) + 1.0 and D(Si) are also shown. The
weighted linear least squares fit to the points is shown.
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Figure 7. Depletion of Si (D(Si)) plotted as a function of ¢,/Ry. Associated
uncertainties in ¢,/Ry and D(Si) are also shown. The weighted linear least
squares fit to the points is also shown.

survival of smaller grains in denser environments. The smaller
grains, like nano silicate grains, may also contribute to the FUV
rise. Their effect on depletion is not significant since they
account for only about 5% of total interstellar silicon (Li &
Mann 2012). Hence, the grains that account for the linear
extinction slope and the FUV curvature may belong to two
different populations (Fitzpatrick & Massa 1988).

We could reproduce the Miller et al. (2007) plot showing a
correlation between the dust-phase abundance of silicon and cy,
but it would have a low correlation coefficient (r=0.30,
p < 0.24) (Figure 10). The sample we used is larger than the six
sight lines used by Miller et al. (2007). The c4 is a parameter
that defines the strength of the FUV curvature of the extinction
curve, and it can be used as representative for the population of
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Figure 8. Depletion of Si (D(Si)) plotted as a function of ¢3/Ry. Associated
uncertainties in ¢3/Ry and D(Si) are also shown. The weighted linear least
squares fit to the points is shown.
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Figure 9. Depletion of Si (D(Si)) plotted as a function of ¢4/Ry. Associated
uncertainties in c4/Ry and D(Si) are also shown. The weighted linear least
squares fit to the points is shown.

small grains. Thus, we suggest that silicon depletion is showing
a small but significant correlation with the small grain
populations along these sight lines. A larger sample of high-
quality measurements of silicon and hydrogen column density
should give us a better understanding of the relation between
the dust-phase silicon abundance and the ultraviolet extinction
parameters.

4. SUMMARY

In this study, we have investigated Si abundances along 131
lines of sight from archival observations (Gudennavar
et al. 2012). These include absorption line measurements of
Sim at wavelengths of 1020.699 A, 1190.4158 A, 1193.2897 A,
1260.4221 A, 1304.3702 A, 1526.7066 A, 1808.0126 A, and
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Table 5

Fit Parameters
Figures® Relation Correlation Slope
Coefficient
Figure 6 (c1/Ry) + 1 and D(Si) 0.06 (p < 0.82) 0.06
Figure 7 (c2/Ry) and D(Si) 0.15 (p < 0.58) 0.29
Figure 8 (c3/Ry) and D(Si) —0.42 (p < 0.10) -0.17
Figure 9 (ca/Ry) and D(Si) —0.32 (p < 0.23) —1.14
Note.

# Correlation coefficients with significance values in brackets and linear slopes
for Figures 6-9, respectively.

37 [

35 7
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31+ .

29 - 7

Ayu(Dust per million H)
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Figure 10. Number of silicon atoms in the dust per 10° H, (A(Si)qus0) as @
function of the Fitzpatrick & Massa (1988) extinction coefficient c4. Associated
uncertainties in D(Si) are also shown. The weighted linear least squares fit to
the points is shown.

2334.605 A. The derived oscillator strength of each of these
lines has changed over the years of observations, and we have
corrected all to the latest National Institute of Standards and
Technology (NIST) values (Kelleher & Podobedova 2008),
leading to corrections of up to 42% from the previously
reported column densities.

We find that the Si depletion increases with the average
hydrogen density, indicating that more of the silicon is tied up
in interstellar dust grains in dense clouds. The depletion of
silicon is constant when there is little molecular hydrogen but
increases when the molecular hydrogen fraction (f(H,)) is
greater than 0.001, which is characteristic of dense clouds with
self-shielding of the H,. We find that the Si depletion is not
correlated with either the (c;/Ry) or with the (c2/Ry),
suggesting that the linear part of the extinction curve is
independent of the Si depletion. The Si depletion increases
slowly with the bump strength (c3/Ry) and with the FUV
curvature (c4/Ry), suggesting that silicon plays a small but
significant role in both the 2175 A bump and in the FUV rise.

HARIS ET AL.

This is consistent with Miller et al. (2007) who found the FUV
rise was correlated with the dust-phase abundance of silicon,
using a limited sample of only six sight lines.

Silicates are an important component in almost every grain
model for the ISM, from the MRN model (Mathis et al. 1977)
to present models (Clayton et al. 2003). Our results fit well with
the silicon core—ice mantle model of Li et al. (2007), in which
the size of the grain is determined by the size of the core as well
as the size of the mantle. A correlation between Si depletion
and the FUV curvature, however, is a strong indication that
silicates do contribute significantly to this feature.

We acknowledge financial support by the Science &
Engineering Research Board, Department of Science and
Technology (DST), Ministry of Science and Technology,
Government of India, New Delhi, India under the grant No.
SR/S2/HEP-50/2012.
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