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The first observations of interstellar polarization at visible wavelengths over 60 years ago were
quickly attributed to the net alignment of irregular dust grains with local magnetic fields. This
mechanism provides a method to measure the topology and strength of the magnetic field and
to probe the physical characteristics of the dust (e.g., material, size, and shape). However, to
do so with confidence, the physics and variability of the alignment mechanism(s) must be quan-
titatively understood. The description of the physical alignment mechanism has a long history
with key contributions spanning decades; the last 15 years have seen major advances in both the
theoretical and observational understanding of the problem. For example, it is now clear that the
canonical process of paramagnetic relaxation, in which grain rotational components perpendicu-
lar to the magnetic field are damped out, is inadequate to align grains on the necessary timescales
(compared to damping via collisions) for typical interstellar medium conditions. However, the
modern theory of radiative alignment has been more successful; in this theory grains are aligned
with respect to the magnetic field via photon-grain interactions that impart the necessary torques
to the rotation axes of grains.

Here we highlight key observational tests of these alignment mechanisms, especially those in-
volving spectropolarimetry of both dust extinction at near-optical wavelengths and dust emission
at far-infrared through millimeter wavelengths. Observations in both these regimes can place lim-
its on such grain aspects as their size and temperature. To date, most observations of the polarized
emission have been in the densest regions of the interstellar medium where interpretation in terms
of grain alignment models is complicated by regions containing embedded stars and a wide range
of temperatures. Additionally, direct comparison of the optical extinction polarization (Ay < 10
magnitudes) with dust emission polarization (Ay < 25 magnitudes) has not been possible. Future
observations with increased sensitivity and spectral coverage in the far-infrared may reach the

lower extinction levels necessary to allow more definitive tests of grain alignment models.
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1. Introduction

Observations of polarized light toward celestial sources spanning ultraviolet to millimeter
wavelengths are typically attributed to dust, be it interstellar, circumstellar, or interplanetary. The
physical link between the observed polarization and dust was established by the earliest polariza-
tion measurements (1949), which were clearly correlated with interstellar extinction [1, 2]. At near-
optical wavelengths (UV, optical, and near-infrared) polarization arises from dichroic extinction of
background starlight by dust, while at far-infrared and longer wavelengths the polarization arises
from the thermal emission of the same dust, whose axes have different emission cross-sections.

In order to produce a net polarization, in either the emission or extinction cases, there must
be a net alignment of axes within an interstellar grain population. This alignment is provided by
local magnetic fields, where the smallest grain axis is aligned parallel to the field direction. The
agreement between the inferred magnetic field orientation from optical and radio synchrotron po-
larization position angles [3, 4] provides direct observational support for the role of magnetic fields.
However, despite decades of work, the physical mechanism by which grains become aligned with
the fields is still uncertain. Magnetic fields as inferred from polarization have provided a key tool
in studying the astrophysical effects of the fields on processes ranging from star-formation to the
generation of turbulence in interstellar clouds. Hence a quantitative understanding of the alignment
mechanism is clearly warranted, lest a wide range of work be invalidated. For example, one key
question is whether grains are aligned in the same manner (or at all) in all physical conditions, and
thus whether magnetic fields can be measured via polarization in all such conditions.

Here we briefly review some key aspects of grain alignment theory as they relate to existing
and future tests. We further limit ourselves to tests requiring multi-wavelength observations. For
more detailed discussions we direct interested readers to more comprehensive reviews [5—7].

2. Alignment Mechanisms

Alignment of grains with respect to magnetic fields requires at least two physical steps [8].
First the grain axis with the largest moment of inertia (the smallest axis) is aligned with the grain
rotation axis. Secondly, the spin axis becomes aligned with the local magnetic field. A physical
alignment model is generally considered successful if it can produce alignment on time-scales
faster than the alignment can become disrupted by collisions with gas and other dust grains.

The first step in the alignment process occurs through an internal dissipation of energy that is
minimized when the spin and inertial axes are parallel. Through a process known as the Barnett
effect, a magnetization is induced in the paramagnetic grain due to its physical rotation and the
existence of unpaired electrons in the solid. The largest component of the internal dissipation then
arises from the interaction of the time-varying magnetic field (in grain coordinates) with the magne-
tization of the grain [9, 10]. The initial model of paramagnetic dissipation [11] with modifications
over the years remains the “textbook” mechanism most often cited to explain angular momentum
alignment, the second alignment step. However, this mechanism has failed some key theoretical
and observational tests, leaving the model of radiative torques as the most promising mechanism.

Paramagnetic relaxation, as first described by Davis & Greenstein [11], arises from the dis-
sipation of a grain’s rotational energy components perpendicular to the ambient magnetic field.
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Paramagnetic alignment in the diffuse ISM will align grains on time-scales faster than disruption
via gas-grain and grain-grain collisions only if 1) there is a temperature difference between the
gas and dust populations that drives the grains to sufficient angular velocities [12]; and 2a) grain
rotational energies are suprathermal (>> kT) [9]; or 2b) grains contain superparamagnetic (e.g.,
ferromagnetic) inclusions [12]. Recent observations suggest that these latter conditions are not met
in many regions of the ISM. For example, no correlations are observed between the amounts of
solid iron in dust (as inferred from depletion measurements) and the level of observed polariza-
tion [13], as might be expected if superparamagnetic inclusions are required for grain alignment.
Additionally, polarized lines of CO ice have been observed in molecular clouds [14], in regions
where column densities are large enough that one expects near equilibrium between gas and dust
temperatures, thereby severely limiting the ability of grains to reach suprathermal rotation rates [6].

The model of Radiative Alignment Torges (RAT; [7, 15-18]) takes note of the fact that irregu-
larly shaped grains have different cross-sections to left- and right-circularly polarized photons (i.e.,
have a non-zero net helicity) and that grains are exposed to an anisotropic radiation field. As the
rotation axis of the magnetized grains precesses about the local magnetic field, the photons impart
a net torque to the grains. On average, one torque component increases the grain rotation rate while
another orthogonal component is in the direction which aligns the rotation axis with the magnetic
field direction.

3. Observational Tests

The quantitative theory of RAT makes a number of clear observational predictions [6]. Specif-
ically, 1) grains are aligned when exposed to an anisotropic radiation field of wavelength A < 2a,
where a is a characteristic grain radius; 2) the aligned-grain size distribution varies with radia-
tion field color and intensity; 3) alignment efficiency varies with radiation field intensity; and 4)
alignment efficiency depends upon the angle between the magnetic field and radiation anisotropy
directions. In the remainder of this work we will highlight specific observational tests which can
be performed using polarization spectra. As such, we will not further discuss point (4) other than
to note that the relevant angle dependence has been observed [19].

3.1 Optical & Near-Infrared Tests

The typical polarization spectrum of background starlight at optical wavelengths follows the
empirical Serkowksi law, which is characterized by a maximum polarization at a wavelength
Amax in the range ~0.4-0.8 um (see inset Fig. 10). By comparing this spectrum to the standard
wavelength-dependent extinction curve, Kim & Martin [20] showed that large grains were more
efficiently aligned than smaller grains. Specifically, they showed that the size distribution of grains
responsible for the observed polarization had a small-size cut-off between 0.04—0.05 um (e.g., the
blue Ay=0 curve in Fig. 1a), while the total extinction data also requires smaller grains (e.g., [21]).

(1) This correlation between the shape of the optical polarization curve and the grain size
distribution allows a number of additional observational tests. Firstly, we note that the fundamental
prediction of RAT is that the most efficiently aligned grains are those of size a 2 A /2. In the general
ISM neutral hydrogen is expected to absorb all radiation shortward of the Lyman limit, 0.0912 yum.



Dust Grain Alignment in the Interstellar Medium John E. Vaillancourt

T 1.2 T
L@ I 1 )
- s .
1.0¢ B
JoF Tl Geen® -
8 S8l ]
E 5 |
S E <
S L —&— B T ) %
e .
O'Sj Wii{%fo_‘%§‘ | m
5L AT T9 ¢
[SH= L
TN P IR 0.4 ‘ L ‘ \ L ‘ ‘ !
0.01 0.1 1 o 5 10
<a>pjn [um] A, (magnitudes)

Figure 1: ) Example grain-size (mass) distributions for varying extinction levels (Ay). Note that the upper
size cut-off is the same for all curves. b) Measured values of the wavelength peak, An,x, in the near-optical
polarization spectra as a function of line-of-sight extinction. Data shown here are towards stars in the Taurus
molecular cloud from Whittet et al. (red points; [22]) and Vaillancourt et al. (in prep.; black points). The
inset schematic shows a typical optical polarization (i.e., Serkowski) curve identifying the Ay.x parameter.

Therefore, grains of radius < 0.046 um should not be well aligned; this prediction is in excellent
agreement with the observed grain size cut-off of 0.04-0.05 yum estimated by Kim & Martin [20].

(2) When the aligning radiation field shifts to longer values, as might occur to light reddened
via interstellar extinction, the RAT model predicts that the small grain-size cut-off should increase.
Figure 1a shows an example of the changing aligned grain distribution, as well as the increase in
the mean size of aligned grains, as a function of extinction in the range Ay = 0-21 magnitudes. The
strong coupling between grain size and the observed wavelength of polarized radiation results in a
shift in the spectrum to longer wavelengths, that is, an increase in Apax. The resulting correlation
between Ay and Anm.x has been observed in a number of clouds (Fig. 1b; [22, 23]).

(3) Since RAT requires photons for grain alignment, it is reasonable to expect that alignment
will be increased in regions of higher radiative intensity. Corresponding enhancements in back-
ground starlight polarization have been observed near embedded stars in Galactic clouds when
compared to regions away from such sources [24]. Additionally, grains of similar composition
exposed to different radiation fields will reach different equilibrium temperatures. Andersson &
Potter [23] have observed the expected correlation of grain color temperature (traced with imaging
data at 60 and 100 wm) with alignment efficiency (as traced by Amax).

3.2 Far-Infrared and Millimeter Tests

As with optical measurements, polarized spectroscopy should provide the best tests of grain
alignment at far-infrared through millimeter wavelengths. The best such measurements to date are
summarized in Figure 2a. Most of the data are characterized by a polarization minimum somewhere
in the range 100-850 pm, a shape which is not consistent with isothermal dust but rather requires
some correlation between temperature and alignment efficiency [25, 26]. Instrument sensitivity
currently limits observations to bright dense molecular clouds, although this has recently been
extended to the diffuse ISM by experiments such as Planck [27], albeit with low spatial resolution
(= 5' for Planck at A>850 um compared to 10”-20" for ground-based work at 350850 pm).
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Figure 2: a) Median polarization ratio in various Galactic clouds, normalized at 350 um (e.g., [28, 29]
and references therein). b) Schematic far-infrared (~10-1000 pum) polarization spectrum for a cloud with
embedded stars. Dotted lines show expected spectra from two regions with different aligning radiation fields
(both color and intensity), while the solid line is the mean spectrum.

One natural consequence of the RAT model is that large grains are more efficiently aligned than
small grains [30]; this fact leads to variations in the aligned-grain size distribution (2). Additionally,
when all grains are exposed to the same radiation field, one expects larger grains to be cooler
since they will emit more efficiently. As a result, the warmer (smaller) grains are less efficiently
aligned. Since the short-wavelength emission is dominated by these warmer, unaligned grains, the
polarization spectrum is expected to rise with increasing wavelength (e.g., dashed lines in Fig. 2b;
[31, 32]). This model can explain the rising polarization spectrum observed longward of 350 um,
but cannot alone explain the falling spectra shortward of 350 um.

In the dense molecular clouds observed to date, one cannot always isolate regions with differ-
ent physical conditions (e.g., density, temperature, grain sizes, chemical composition, and radiation
field intensity/color) but must instead integrate along the line-of-sight and within finite beam ar-
eas. For example, regions with embedded stars will have significantly different radiation fields
from those without stars, resulting in a region with very warm dust and presumably highly effi-
cient RATs. In isolation, such a region should also exhibit rising polarization spectra due to the
correlation between grain size, temperature, and alignment. Observations encompassing regions
with very different temperatures will exhibit significant separation of the basic spectral shape in
wavelength-space (as shown by the two separate dashed spectra in Fig. 2b), resulting in complex
total polarization spectra similar to those actually observed.

4. Future Observations

In the most general sense, the goal of future work is to observe polarization spectra over as
wide a spectral range as possible and to do so in regions with a wide range of physical conditions
to provide further quantitative tests for RAT. For example, does the Ay -Aqax correlation continue
to higher extinction values and is it observed in many different clouds?

At far-infrared and millimeter wavelengths observations are needed to further characterize the
polarization spectrum, which is very sparsely sampled in wavelength space (Fig. 2a). Tests of the
RATSs will require such spectral measurements in regions with different physical conditions. For
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example, increased spatial resolution (< 10”) will separate of regions with and without embedded
stars, allowing tests as a function of varying radiation intensity. Additionally, different models
of grain composition predict different polarization spectra longward of ~0.5 mm, depending on
whether or not carbonaceous grains are aligned [32]. Experiments designed to measure the CMB
polarization have begun to explore this regime [27, 33].
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