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ABSTRACT

We compiled the polarimetric data for a sample of lines of sight with known abundances of Mg, Si, and Fe. We correlated the degree
of interstellar polarization P and polarization efficiency (the ratio of P to the colour excess E(B — V) or extinction Ay) with dust
phase abundances. We detect an anticorrelation between P and the dust phase abundance of iron in non silicate-containing grains
[Fe(rest)/H]4, a correlation between P and the abundance of Si, and no correlation between P/E(B — V) or P/Ay and dust phase
abundances. These findings can be explained if mainly the silicate grains aligned by the radiative mechanism are responsible for the

observed interstellar linear polarization.
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1. Introduction

The modelling of interstellar polarization includes light scatter-
ing calculations for aligned non-spherical particles. It is usu-
ally performed for particles of simple shapes (infinite cylinders
or homogeneous spheroids) and the particles are very often as-
sumed to be perfectly aligned (Mathis 1986; Kim & Martin
1995; Draine & Fraisse 2009). The reasons for these simpli-
fications are a poor knowledge of alignment mechanisms (see
Lazarian 2009, for a recent review) and the impossibility of light
scattering calculations for complex aggregate particles of inter-
mediate and large sizes (Michel et al. 1996; Farafonov & II’in
2006; Borghese et al. 2007; Min 2009).

According to standard concepts (Kriigel 2003; Whittet
2003), the alignment of interstellar grains may be magnetic or
radiative. Magnetic alignment occurs if pure iron or iron compo-
nents in dust grains interact with the magnetic field. Radiative
torque alignment (RAT alignment) arises from an azimuthal
asymmetry of the light scattering by non-spherical particles.
Magnetic inclusions can enhance RAT alignment (Lazarian &
Hoang 2008). The amount of iron in dust grains can be found
from dust phase abundances. Using them, we can estimate the
grain composition and, as a consequence, the scattering and po-
larizing properties of interstellar dust.

In this paper, we analyse the relation between the interstellar
polarization and dust phase abundances of Mg, Si, and Fe previ-
ously compiled by Voshchinnikov & Henning (2010, VH10). We
assume that all silicon and magnesium and a part of iron are in-
corporated into amorphous silicates. We correlate the amount of
the remaining iron as well as dust phase abundances of Mg, Si,
and Fe with the polarization degree P or polarization efficiency
(the ratio of P to the colour excess E(B — V) or extinction Ay)

* Table 1 is available in electronic form at http://www.aanda.org
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and draw some conclusions on grains producing interstellar po-
larization and favourite alignment mechanism.

2. Polarization and alignment mechanisms

The fact that interstellar grains polarize starlight has important
implications. It requires the simultaneous fulfilment of the fol-
lowing conditions in a given direction.

1. Dust grains must be non-spherical.

2. Dust grains must have sizes close to the wavelength of in-
cident radiation because big particles do not polarize the
transmitted radiation even if they are perfectly orientated
(Voshchinnikov et al. 2000).

3. Dust grains must have specific magnetic properties to inter-

act with the interstellar magnetic field.

Dust grains must be aligned.

. The direction of alignment must not coincide with the line of

sight.

6. The distribution of aligned grains along the line of sight must
be quite regular to exclude the cancellation of polarization.

o

The most discussed item is the alignment mechanism. A very
popular alignment mechanism is the magnetic alignment (Davis-
Greenstein (DG) type orientation, Davis & Greenstein 1951)
based on the paramagnetic relaxation of grain material contain-
ing about one percent of iron impurities. The DG mechanism
requires a stronger magnetic field than average galactic mag-
netic field (~3-5 uG; Heiles & Crutcher 2005). Because of this
problem, it has been suggested that the polarizing grains con-
tain small clusters of iron, iron sulfides, or iron oxides with su-
perparamagnetic or ferromagnetic properties (Jones & Spitzer
1967). This leads to an enhancement of the imaginary part of the
magnetic susceptibility of grain material y” by a factor 10-100
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and alignment can occur through the DG mechanism. This sce-
nario is supported by laboratory experiments (Djouadi et al.
2007; Belley et al. 2009). A significant enhancement of y” is
also possible in mixed MgO/FeO/SiO grains (Duley 1978) or in
H,O ice mantle grains containing magnetite (Fe;O,) precipitates
(Sorrell 1994, 1995).

A very important factor of any alignment mechanism is grain
rotation. The faster it is, the more effective the grain align-
ment should be. The DG mechanism assumes thermally rotating
grains. Purcell (1979) suggested a mechanism of supra-thermal
spin alignment (“pinwheel” mechanism) where the grains are
spun up to very high velocities as a result of the desorption of
H, molecules from their surfaces.

Fast rotation can also arise because of radiation torques when
asymmetrical grains scatter the radiation (Dolginov et al. 1979;
Draine & Weingartner 1997), which can lead to grain alignment
in an anisotropic radiation field. Radiation torque is a manifesta-
tion of the radiation pressure force possessing a transversal com-
ponent directed perpendicular to the direction of the incident
radiation. This component was measured in laboratory experi-
ments (Abbas et al. 2004; Krau & Wurm 2004). It can be eas-
ily calculated for cylindrical (Voshchinnikov & II’in 1983) and
spheroidal (Voshchinnikov 1990; II’in & Voshchinnikov 1998)
grains and estimated for fluffy aggregates (Kimura & Mann
1998). The transversal component is larger for dielectric parti-
cles and plays an important role in the motion of interplanetary
and circumstellar grains (II’in & Voshchinnikov 1998; Kimura
et al. 2002; Kocifaj & Klacka 2004).

The theory of RAT alignment is well developed (Lazarian
& Hoang 2007). Recent observations of interstellar polariza-
tion in the vicinity of luminous stars (Andersson & Potter 2010;
Matsumura et al. 2011; Andersson et al. 2011) have been used
for confirmation of the RAT alignment mechanism. However,
the discussed models are phenomenological, they are not based
on correct light scattering calculations of interstellar polariza-
tion. One of the reasons is that the alignment function for the
RAT mechanism is unknown. Another reason is a requirement of
advanced light scattering methods because fast rotation can only
occur for grains of very specific (helical) shape (Dolginov et al.
1979; Lazarian & Hoang 2007). This is highly improbable from
the point of view of grain growth in the interstellar medium.

In any event, since both magnetic alignment and radiative
alignment depend on iron inclusions, we can expect that polar-
ization and/or polarization efficiency should increase with the
growth of iron fraction in dust grains. A goal of our investigation
is to check this suggestion using the available data on interstellar
polarization and element abundances.

3. Results and discussion

We compiled the polarimetric data for a sample of 196 tar-
gets with known dust phase abundances collected in VHI10.
Polarimetric observations of 13 stars in the V band were per-
formed by one of the authors (HKD) in October 2011 at a 2m
telescope of the IUCAA Girawali Observatory (Pune, India).
The polarization degree P in percent with 1o error and the
corresponding reference are given in Table 1 (Cols. 9 and 13).
The total number of stars with measured polarization is 172.
Columns 10 and 11 contain the ratios of P to the colour ex-
cess E(B — V) and visual extinction Ay', which characterizes

! Ratios of total to selective extinction Ry were taken from papers
of Fitzpatrick & Massa (2007), Valencic et al. (2004), Wegner (2002,
2003), and Patriarchi et al. (2003).
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Fig. 1. Polarization according to colour excess for 172 stars from
Table 1. Variable stars and stars with peculiar spectra are marked. The
straight line shows the empirical upper limit for interstellar polarization
(Serkowski et al. 1975).

the polarization efficiency of the interstellar medium in a given
direction. In Table 1, the extinction Ay and the ratio P/E(B — V)
were calculated assuming 1o error for E(B — V) equal to 0.01.

We marked stars with a peculiar spectrum (“s”) and vari-
able stars (“v”). For these, a part of the observed polarization
may be intrinsic. However, the positions of these stars on the
diagram P vs. E(B — V) do not look unusual (see Fig. 1). In
the direction of variable stars or stars with peculiar spectrum
where the interstellar polarization was determined from polar-
ization of surrounding stars, we used this interstellar polariza-
tion (labelled “i”). The polarimetric data are mainly related to
the visual part of spectrum (V band). For stars marked “m” the
value of the maximum polarization P,y is given. The major part
of observations was taken from the catalogues of Heiles (2000),
Serkowski et al. (1975), and Efimov (2009). In the latter case,
we used P, obtained for the Serkowski curve approximated
according to Whittet et al. (1992).

Voshchinnikov & Henning (2010) found a sharp distinction
in abundances of Mg, Si, and Fe for sightlines located at low
(Ib| < 30°) and high (|b] > 30°) galactic latitudes. For high-
latitude stars the ratios Mg/Si and Fe/Si in dust are close to 1.5.
For disk stars these ratios are reduced to ~1.2 and ~1.05 for Mg
and Fe, respectively. The derived numbers indicate that the dust
grains cannot be just a mixture of only olivine (Mg,,Fe;_»,Si04)
and pyroxene (Mg,Fe;_,SiO3) silicates (here 0 < x,y < 1).
Some amount of magnesium or iron (or both) should be embed-
ded into other materials.

Based on the discussion of alignment mechanisms (Sect. 2),
we suggest that the interstellar polarization is probably be
related to the amount of iron in dust grains. We assume that
all silicon and all magnesium are embedded into amorphous
silicates of olivine composition Mgy Fe,—1,S104, where x =
[Mg/H]q/(2[Si/H]q) as is a part of iron. The remaining part of
Fe can be found as

[Fe(rest)/H]y = [Fe/H]q — (2 [Si/H]q — [Mg/H]y). ey
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Fig. 2. Polarization of 95 stars according to the remaining dust phase
abundance of Fe as given by Eq. (1) normalized to the cosmic abun-
dance of iron. Halo stars with |b| > 30° and disk stars with |b] < 30°
and low (E(B — V) < 0.2) and high (E(B — V) > 0.2) reddening are
shown with different symbols. Filled symbols correspond to sightlines
where the abundances of three elements (Mg, Si, and Fe) are measured.
Open symbols correspond to sightlines where the abundances of two
elements (Fe and Mg or Si) are known. The number of stars is indicated
in parentheses in the legend.

It is expected to be in the form of various iron oxides (FeO,
Fe,03, Fe;O4) and/or metallic iron, which confers magnetic
properties to the grains.

Our choice of Mg-rich silicates with the olivine stoichiome-
try is based on the theoretical and observational studies of dust
composition in circumstellar environments (Gail 2010; Molster
etal. 2010; Sturm et al. 2010) and on the interpretation of the ob-
served interstellar silicate absorption profiles (Min et al. 2007,
van Breemen et al. 2011). Probably the single exception is the
oxygen-rich AGB star T Cep, whose peak wavelength in the
IR features suggests the presence of Fe-rich silicates (Niyogi
etal. 2011).

Using Eq. (1), we calculated the dust phase abundance of
Fe incorporated into non-silicate materials [Fe(rest)/H]; (see
Col. 13 in Table 1). Then these abundances were normalized
to the solar (cosmic) abundance of iron ([Fe/H], = 31.6 ppm,
Asplund et al. 2009)? and we correlated them with the polariza-
tion and polarization efficiency. The results are shown in Figs. 2
and 3 and in Table 2 (rows 1-3). The abundances of the three
elements Mg, Si, and Fe were measured only for the 28 targets
with known polarization. They are plotted in the figures using
filled symbols. To increase the sample volume, we calculated
[Fe(rest)/H]y for sightlines where the abundances of two ele-
ments (Fe and Mg or Si) were known. In this case, we use the
average abundance of the third (lacking) element as given in
rows 2—5 of Table 2 in VHI10. These data are shown by open

2 The normalization with [Fe/H]cosmic Was performed to obtain conve-
nient units.
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Fig. 3. Same as in Fig. 2, but now for polarization efficiency P/E(B-V).

symbols in Figs. 2 and 3. Clearly, the amount of Fe in non-
silicates is quite high, especially for low-reddened (E(B - V) <
0.2) and halo (|| > 30°) stars. There is also a tendency for a
decline in polarization (see Fig. 2) with transition from high-
reddened to low-reddened stars, which likely reflects a fall of
the column density of polarizing grains. An exception is the
sightline towards the star N 195 (CPD -592603), where the dust
phase abundance of Si is very low. There are also three targets
(NN 78, 81, and 89) where the calculated values of [Fe(rest)/H]y
are negative. We excluded these four stars from the correlation
analysis (rows 1-3 in Table 2).

As indicated in Fig. 2, there is a negative correlation be-
tween the polarization degree P and the amount of remaining
iron. This is inconsistent with the common suggestion about the
great role of iron-rich grains in the production of polarization.
Because P is proportional to the column density of polarizing
grains, we can conclude that the increase of the iron content in
non-silicate grains does not enhance polarization. These parti-
cles may be spherical, very large or very small in comparison
with radiation wavelength, or they may be less aligned. It is also
important that metallic iron or iron oxides have high refractive
indices, and particles consisting of these materials scatter less
radiation compared with (Mg, Fe)-silicates, which prevents ra-
diative torques. Therefore, we can conservatively estimate that
the radiative alignment is the favourite alignment mechanism of
the interstellar grains.

Because in calculating [Fe(rest)/H]; we removed all Si and
Mg and a part of Fe from the dust phase, we expect a posi-
tive correlation between the polarization and the abundances of
the eliminated elements. Figures 4—6 show the dependence of
interstellar polarization on dust phase abundances of iron, mag-
nesium, and silicon. Evidently, there is only a weak correlation
between P and [Fe/H]4 or [Mg/H], and a strong correlation be-
tween P and [Si/H]y. Therefore, we can establish that polar-
ization is more likely produced by silicates. These findings are
evidence in favour of the assumption of Mathis (1986) that only
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Table 2. Pearson correlation coeflicients between polarization, extinction, and element abundances in the dust phase.

Parameters and figure Nytars Feorr. Comment
log P vs. [Fe(rest)/H], /[Fe/H]cosmic, Fig. 2 91 —0.638  Polarizing grains are not iron-rich non-silicates
log P/E(B — V) vs. [Fe(rest)/Hl4/[Fe/Hlcosmic, Fig. 3 91 -0.104 No correlation
log P/Avy vs. [Fe(rest)/H], /[Fe/H]cosmic 69 0.137 "
log P vs. [Fe/H], /[Fe/H]cosmic, Fig. 4 121 0.351 Weak correlation
log P/E(B — V) vs. [Fe/H]y /[Fe/Hlcosmic 121 0.013 No correlation
IOg P/AV VS. [Fe/H]d /[Fe/H]cosmic 98 -0.117 ”
log P vs. [Mg/H], /IMg/H]cosmic, Fig. 5 130 0.296 Weak correlation
log P/E(B — V) vs. [Mg/H], /[Mg/Hlcosmic 130  -0.050 No correlation
IOg P/AV VS. [Mg/H]d /[Mg/H]cosmic 94 -0.174 "
log P vs. [Si/H]y /[Si/H]cosmic, Fig. 6 34 0.736 Polarizing grains are silicates
log P/E(B — V) vs. [Si/H]y /[Si/Hlcosmic 34 0.116 No correlation
log P/Ay vs. [Si/Hly /[Si/Hlcosmic 16 0.013 "
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Fig. 4. Interstellar polarization according to dust phase abundance of
iron. Halo stars with |b| > 30° and disk stars with |b| < 30° and low
(E(B-V) <0.2) and high (E(B — V) > 0.2) reddening are shown with
different symbols. The number of stars is indicated in parentheses in the
legend.

the silicate grains are aligned and contribute to the observed po-
larization, while the carbonaceous grains are either spherical or
randomly aligned. Note that a poor alignment of carbonaceous
grains compared with silicate grains also follows from the con-
sideration of disalignment caused by thermal flipping or discrete
charging (Weingartner 2006). Another verification of this sug-
gestion is the absence of any correlation between the polariza-
tion efficiency P/E(B — V) or P/Ay and dust phase abundances
of elements (see Table 2 and Fig. 3). This is because dust grains
of all types (silicate, carbonaceous, iron-rich, etc.) contribute to
the observed extinction Ay and most likely to the colour ex-
cess E(B—V) = Ap — Ay, while only the silicates seems to
be responsible for the observed polarization. Thus, the absence
of correlation between the ratio of the total to selective extinc-
tion Ry and the wavelength of maximum polarization Ay.x ob-
served in many cases (e.g., Whittet et al. 2001; Andersson &
Potter 2007) can be easily understood.
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Fig. 5. Same as in Fig. 4, but now for magnesium.

4. Conclusions

The main results of the paper can be formulated as follows.

1. We compiled the polarimetric data for a sample of 196 lines
of sight with known dust phase abundances of Mg, Si,
and Fe collected in Voshchinnikov & Henning (2010). The

total number of stars with measured polarization is 172.

Polarimetric observations of 13 stars are presented for the

first time in this paper.

Assuming that all Si and Mg and a part of Fe are incorpo-

rated into amorphous silicates of olivine composition, we

calculated the dust phase abundance of the remaining iron.

The fraction of iron not included in silicates [Fe(rest)/H], is

quite high: changing from ~0.1 of cosmic abundance of Fe

for reddened disk (|p| < 30°, E(B — V) > 0.2) stars to ~0.8
for halo (|b| > 30°) stars.

3. We detect an anticorrelation between P and [Fe(rest)/H]4
(reorr. = —0.638) and a correlation between P and dust phase
abundances of Si (7., = 0.736). We conclude that it is more
likely that polarization is produced by silicates and is not
produced by iron-rich non-silicate grains. Because silicate
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Fig. 6. Same as in Fig. 4, but now for silicon.

grains scatter more radiation than grains of other types (car-
bonaceous, iron oxides, etc.), these findings can be inter-
preted in favour of the radiative alignment of interstellar
grains.

4. We found no correlation between the polarization efficiency
(the ratio of P to the colour excess E(B — V) or extinction
Avy) and the dust phase abundances of Mg, Si, or Fe. This
fact can be explained if we assume that dust grains of all
types contribute to Ay and E(B — V), while only the silicates
are responsible for the observed polarization.

A more reliable decision about the contribution of the grains of
different types to the observed linear interstellar polarization and
the grain alignment can be reached after detailed modelling.
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