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Dust Grain Alignment in the Interstellar Medium.

This is a “short” description of a �eld of study I have been pursuing with my colleagues and students over the

last decade or so.   In that time we have had support from various institutions and from the National Science

Foundation (NSF) via two three-year grants (Thank you!!).  We are currently grateful to have the support of

NSF via award 1715867.

When we observe a star behind a cloud of the interstellar medium (ISM), the light becomes polarized

at a few percent.   Just like a pair of polarizing sunglasses allows a �sherman to see where an elusive

trout is hiding in a stream, the polarization due to the ISM can uniquely reveal hidden information

about the gas, the dust, and the magnetic �eld in those clouds.

The reason that the light becomes polarized is that some fraction of the dust grains are elongated

(whether prolate, like a cigar, or oblate, like a discus, doesn’t matter) and that their long axes line up

in the same direction.  When they do, the light is slightly more blocked along the long axis of the

grains than along the short axis – and polarization results.

DUST GRAIN ALIGNMENT IN THE
INTERSTELLAR MEDIUM.

B-G Andersson – Astronomer

http://bgandersson.net/grain-alignment
http://bgandersson.net/wp-content/uploads/2015/11/Dichroic_Pol_figs.jpg
http://bgandersson.net/
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When aligned, elongated, grains intercept the light from an background star, the unpolarized light

from the star acquires a polarization – typically at the level of a few percent.

But, how do these grains “know” what direction to line up in?  And, how do they stay aligned in the

harsh environment of the ISM?

Already Al Hiltner (of Yerkes Observatory), in his second paper on ISM polarization in 1949, noted

that the magnitude of the polarization must be related to the amount of dust on the line of sight [“…a

positive color excess is necessary but not suf�cient“] and that the direction of the polarization followed

the direction of the Galactic magnetic �eld [“…it appears that the plane of polarization is associated with

the galactic plane.”] 

Remember; polarization is a [pseudo]vector- it has a magnitude, “p”, and an orientation, “θ”.  It’s a

“pseudo vector” since – as opposed to a proper vector – the direction is degenerate on rotation by

180°.  I.e. you can’t tell the difference between “up” and “down”.

Polarization measurements over the full sky shows that the orientation of the polarization follows

the Galactic plane and therefore map out the large scale magnetic �eld. Note that the structures

at high Galactic latitude mostly are a projection effect and trace near-by ISM objects such as

“Loop 1” (see e.g. Berdyugin et al. 2014). (Figure courtesy of Prof. T.J. Jones.)

That he was right can be shown, for instance, if one compares the orientation of dust-induced polar-

ization with that due to relativistic electrons orbiting magnetic �elds.  Such electrons give rise to syn-

chrotron radiation, which has a characteristic [radio] spectrum, and is very well understood from ba-

sic physical principles, so “we know it when we see it”.

As Hiltner noted, however, “…a positive color excess is necessary but not suf�cient [to produce polariza-

tion]“: Not all line of sight with the same extinction (amount of dust) produce the same level of polar-

ization.  Why is that?

Part of the answer lies in the fact that the grains are rotating (fast) around the magnetic �eld lines, so

if the �eld is pointing at us, we will not see any polarization.  But that cannot be the whole answer as

the polarization can vary a lot over relatively small regions, where it is not reasonable to assume that

the orientation of the �eld varies that much.  Hence a large part of the answer has to come from the

mechanism responsible for the grain alignment and how that varies with environment and dust

characteristics.

http://bgandersson.net/wp-content/uploads/2015/11/B-field_map_TJJ.jpg
http://www.aanda.org/articles/aa/pdf/2014/01/aa22604-13.pdf
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Paramagnetic Dissipation – “Davis-Greenstein” – Alignment

There were several mechanisms proposed for how the grains line up with the magnetic �eld soon af-

ter the discovery of the effect.  The most famous one was proposed by the two Caltech astronomers

Leverett Davis Jr. and Jesse Greenstein in 1951, relying on magnetic dissipation inside the grain ma-

terial. 

In a paramagnetic grain (see below) en applied, external, magnetic �eld makes the grain align its free

quantum spins with the applied �eld causing a magnetization.  However, this effect is not in�nitely

fast so if the applied �eld varies faster than the grain material can respond, then instead of an or-

dered magnetization, energy will be dissipated, a bit like how friction gives rise to heat.  Of course,

the ISM magnetic �eld doesn’t vary on short time scales, but the material inside the grain will experi-

ence a rapidly varying external �eld if the grain rotates fast (in a direction not parallel to the external

�eld).

As shown by R. Victor Jones at Harvard and Lyman Spitzer Jr. at Princeton, in 1967, for this mecha-

nism to work requires that the temperature of the dust and the surrounding gas are signi�cantly dif-

ferent.  The basic argument is as follows:  The lowest energy state of an ensemble  of grain orienta-

tions is that they are random.  For a non-random distribution to persist (i.e. aligned grains), there

must be a “heat engine” (in a thermodynamic sense) that provides the energy.   Since the mechanism

that aligns the grains (in Davis-Greenstein alignment) is inherently a grain material effect (paramag-

netic dissipation) but the randomizing effect (gas-grain collisions) is inherently a gas effect, the two

systems (gas and dust) must be at different temperatures for DG alignment to work.

Terry Jones showed, already in a paper in 1984, that this was likely not the case.  He showed that

while the gas and dust temperatures in “Tapia’s Globule #2” in the Southern Coalsack were the same,

distinct polarization could be seen associate with that cloud core.  However the probes of the gas

and dust available to him at that time required enough assumptions in their interpretation that the

results was not seen as conclusive (or, at least that’s how I interpret the subsequent literature – I was

still an undergraduate when that paper came out.  But as I noted about Terry on my page of col-

leagues, he seems always to have been there �rst when it comes to polarimetric experiments).

http://articles.adsabs.harvard.edu/cgi-bin/nph-iarticle_query?2004BAAS...36.1667J&amp;data_type=PDF_HIGH&amp;whole_paper=YES&amp;type=PRINTER&amp;filetype=.pdf
https://en.wikipedia.org/wiki/Jesse_L._Greenstein
http://articles.adsabs.harvard.edu/cgi-bin/nph-iarticle_query?1967ApJ...147..943J&amp;data_type=PDF_HIGH&amp;whole_paper=YES&amp;type=PRINTER&amp;filetype=.pdf
http://people.seas.harvard.edu/~jones/
https://en.wikipedia.org/wiki/Lyman_Spitzer
http://articles.adsabs.harvard.edu/cgi-bin/nph-iarticle_query?1984ApJ...282..675J&amp;data_type=PDF_HIGH&amp;whole_paper=YES&amp;type=PRINTER&amp;filetype=.pdf
http://bgandersson.net/the-long-and-the%E2%80%A6terstellar-cloud%20%E2%80%8E
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The core of Tapia’s Globule #2 in the Southern Coalsack shows a distinct polarization structure, as

compared to the surrounding cloud (compare regions D vs. regions E & F), and the majority of the

cloud (red curve in the histogram plot). The estimated gas and dust temperatures are the same

(Jones et al. 1984). This means that the DG mechanism can’t be the dominant grain alignment

process.

In 2008 Jim Hough at the University of Hertfordshire, UK, performed what many see as the conclu-

sive experiment to address the viability of DG alignment.   He (and his co-authors) observed polariza-

tion in the spectral line due to CO ice towards a “true background star” (i.e. the star is far behind the

interstellar gas, such that it’s not affecting the material’s physical state).  CO ice can only survive

deep into interstellar clouds and so if you see polarization in the associated spectral line, then you

know that the grains deep into the cloud are aligned.  Because the dominant heating of the ISM is due

to the ultraviolet light, which is very quickly extinguished away from the cloud surfaces, at the depth

where CO ice survives the gas and the dust have a common temperature.  Since we see polarization

in the CO-ice line that means that DG-mechanism is not what aligns the grains.  So, what does?

Radiative Alignment Torque (RAT) Theory

If a dust grain is irregular, then it will be necessity have a (slightly) helicity – i.e. screw-like twist – in

one or the other sense (right, or left hand).  If so, then the right- and left-hand circular polarized com-

ponents of a radiation �eld, will scatter off of the grain differently (Remember/note that a general –

unpolarized – radiation �eld can always be decomposed into two orthogonal linear polarized compo-

nents or a left- and a right-hand polarized component).  Because of this difference in scattering ef�-

ciency, when light shines on such a dust grain it starts to rotate.  This idea was originally proposed by

the Russian physicists Arkadii Dolginov and Igor Mitrofanov in 1976, but was mostly ignored due to

the lack of quantitative predictions.   The proposal was tested numerically in the mid 90ies – by

which time computers and codes had “caught up” – by Bruce Draine at Princeton and his then gradu-

ate student Joe Weingartner,  for a number of concrete examples of geometric shapes, representing

idealized possible grains.  They showed that the torques imparted on the grains were large enough to

be able to lead to ef�cient alignment.

http://bgandersson.net/wp-content/uploads/2015/11/Tapias_Globule_No2_pol_and_hist.jpg
http://vuh-la-risprt.herts.ac.uk/portal/en/persons/james-hough%280b2d4a95-0d15-4e25-9a3c-41e92cbad5c5%29.html
https://en.wikipedia.org/wiki/Discrete_dipole_approximation_codes
https://en.wikipedia.org/wiki/Bruce_T._Draine
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When light strikes a irregularly shaped grain the difference in scattering of the left- and right-hand circular polarized components causes the

grain to spin. If the grain is made up of a paramagnetic material it then acquires a magnetization, which interacts with an external magnetic �eld

and aligns the rotation axis with the magnetic �eld direction. The depicted grain is one of the model grains used in the calculations by Drain &

Weingartner.

In 2004 Mian Abbas and his group at NASA’s Marshall Space Flight Center used a vacuum system,

where they electrostatically suspended SiC grains while illuminating them with a laser.  They could

thus show in laboratory experiments that a grain illuminated by a laser, does indeed start to spin, so –

experimentally – this works.

When a dust grain – electrostatically elevated in a vacuum chamber – is exposed to a illumination

by a laser it will start spinning when the light intensity becomes strong enough. Note the succes-

sive increase in the laser intensity from 6 to 10 W cm  (from Abbas et al. 2004, with permission)-2

http://bgandersson.net/wp-content/uploads/2015/11/RAT_Alignment_fig.jpg
http://adsabs.harvard.edu/abs/2004ApJ...614..781A
http://bgandersson.net/wp-content/uploads/2016/03/Abbas_fg4a.h.gif
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Alex Lazarian and his then graduate student Thiem Hoang in the mid “oughts” (2008) developed a an-

alytical model, which they showed reproduced the numerical “DDSCAT” calculations well.  Because

it’s an analytical formulation, much more general question can be asked of such a theory, compared

to the numerical modeling, where each con�guration has to be calculated individually.  This opened

up the possibilities for direct comparisons to observations and speci�c modeling of observational

data sets using ab initio modeling of data (such as the RAT modeling of our IC 63 observations pre-

sented in Hoang, Lazarian & Andersson, 2015)

Theoretical modeling of the grain alignment due to the combined effects of pure radiative effects

and the formation of H  on grain surfaces can reproduce the observations without detailed tweak-

ing of the model parameters (“ab initio” modeling. The yellow “point clouds” show what you’d pre-

dict with RAT alone (middle) and RAT enhanced by H  formation effects (right). The blue points

show lines-of-sight with low H  formation rate and red points regions with intense H  formation.

(From Hoang, Lazarian & Andersson, 2015). What’s not, fully, taken into account here is the ef-

fects of dense clumps where the gas-grain collision rate is enhance (e.g. target “#46”)

Two kinds of alignment: Internal and External

To give rise to observable polarization, the dust grains have to experience two kinds of alignment.

First each grain has to line up its rotation along one of the grain’s symmetry axes, so that the individ-

ual grain shows a time-constant projection.   This is referred to as “internal alignment”.

Then, all the grains (or at least “most of them”) have to align along a common direction in space, so

the polarization from all the grains combine to a measurable effect.  This is referred to as “External

Alignment”.

Internal Alignment

A grain that gets a “kick” – whether from collisions with a gas particle or from radiative torques – will

initially spin around whatever axis that torque is along.   If that is not along one of the grain’s symme-

try axes (like in the animation below), the grain will not show a �xed pro�le and hence not yield (time

averaged) polarization.

2

2

2 2

http://apod.nasa.gov/apod/ap111103.html
http://arxiv.org/pdf/1412.0424v2.pdf
http://bgandersson.net/wp-content/uploads/2015/11/IC63_H2_w__pol_2mod.jpg
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For a freely rotating grain, the angular momentum (“spin rate”) is a conserved quantity, but the total

energy of the grain can change.  It’s relatively easy to show that the lowest energy state of a rotating

body (for a �xed angular momentum) is when it’s rotating around its smallest axis (which is the “axis

of maximum inertia” – “like so”:).

00:00 00:01
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To turn the grain so that its axis of maximum inertia align with the direction of the angular momen-

tum vector, requires some form of energy internal dispersion (“friction”).

Some of the sources of those internal “frictions” can be  either mechanical plasticity or “Barnett re-

laxation” (see below – or better; the seminal paper by Edward Purcell in 1979).   Of the two mecha-

nisms, “Barnett relaxation” is much faster.  So for grains that do not experience this effect, the time

scale for internal alignment may become signi�cant.  This turns out to be important…

This lining up of the angular momentum and grain symmetry axis is known as “Internal Alignment”.  

Once the grains spins around its symmetry axis, its projection is �xed (in space) and so now the single

grain can cause polarization

External Alignment 

– aligning all the grains with a common direction

A paramagnetic grain (e.g. silicates) – by de�nition – contains unpaired quantum mechanical spins.  In

a grain at rest (and low temperatures) those spins will tend to be equally likely to be oriented “up”

and “down”.

Once such a grain starts to rotate, however, then the total energy of the grain can be lowered, while

conserving the total angular momentum (as required by conservation laws), if some of the mechani-

cal rotation is traded for spin-�ips.  But, of course, if you �ip spins out of a distribution with equally

many “ups” and “downs” you end up with a net number in one direction.  Since the electron has not

only a spin, but an electrical charge and therefore a magnetic moment, if you have a net number of

spins in one direction, you also have a net magnetization of the grain.   This is known as the “Barnett

effect” (which is the inverse of the “Einstein-de Haas effect” known from laboratory [solid state]

physics)

Once the grain acquires a magnetic moment, that magnetization will interact with an external mag-

netic �eld, and cause the grain’s spin axis to precess around the direction of the magnetic �eld (like a

wobbly spinning top).  As the radiation illuminates the different faces of the grain as it wobbles, the

torques turn the spin axis to coincide with the magnetic �eld direction.

It should be noted that this is an inherently non-linear process, such that small differences in the ini-

tial (starting) conditions, can lead to large differences in the �nal state.  So, to show what happens to

the grains, in detail, you [have to] follow the system as it evolves “in phase space”, starting from many

initial conditions and looking at where they end up in a statistical sense.  This is the same process and

situation as the “Chaos theory” that was popular in the late 1980ies (“A butter�y �apping its wings in

the Amazon can cause a hurricane in New York…”)

As noted above, whereas grains of any composition will (according to RAT theory) be spun up by the

radiation, only those made up of paramagnetic materials will align with the magnetic �eld. However,

https://en.wikipedia.org/wiki/Edward_Mills_Purcell
http://articles.adsabs.harvard.edu/cgi-bin/nph-iarticle_query?1979ApJ...231..404P&amp;data_type=PDF_HIGH&amp;whole_paper=YES&amp;type=PRINTER&amp;filetype=.pdf
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for strong, and directional enough, radiation �elds, grains made up of other materials (such as dia-

magnetic carbon solids) might instead align with the direction of the light.

We have tested this direct radiative alignment of carbonaceous grains using SOFIA observations of

the carbon rich circumstellar envelope of the star IRC+10216 (aka CW Leo), and it works!   I will add

some more on this once the paper is �nished…

So why should you care?

In summary, we think that now, almost 70 years after the discovery of interstellar polarization, we

�nally have a self-consistent, observationally supported theory of interstellar grain alignment.   But:

“So what”?

First, of course,  solving a long standing research problem is rewarding and good, in and of itself. 

Grain alignment is a very rich problem whose solution involves solid body mechanics, solid state

(quantum) physics, radiative transfer/scattering, surface physics etc., etc. so it is intellectually stimu-

lating to understand how all those �elds of physics come together to explain an astronomical phe-

nomenon.   But there are more direct advantages as well – at least within astronomy.

As has been long recognized, the geometry and local variations in the polarization directions provide

a way to measure the magnetic �eld structure and strength in an interstellar cloud.  So being able to

reliably correlate observed polarization to magnetic �eld geometry will boost our ability to under-

stand this important, but poorly constrained, aspect of the evolution of the ISM, including how, and

how ef�ciently, stars form.

The idea behind how polarization allows us to measure the �eld strength, is that interstellar mag-

netic �eld lines behave like tensed strings (where the tension is proportional to the magnetic �eld

strength).   Just as with e.g. a guitar string, if you loosen the tension the string makes waves of bigger

displacement and if you tighten the string it move less.  So by measuring how the string [�eld line] de-

viates from a straight line, you can estimate the tension in it [ =magnetic �eld strength].  This is usu-

ally referred to as the Chandrasekhar-Fermi (CF) method, after those two Nobel laureates.  But, as it

turns out, Leverett Davis Jr. proposed the idea before the paper by Chandrasekhar and Fermi, even if

he didn’t work it out in detail.   Hence, I will side with Prof. Chris McKee in arguing that it should be

referred to as the Davis-Chandrasekahr-Fermi (DCF) method.

In addition, if we understand in detail why, how and under what conditions, grains align (with the

magnetic �eld or with strongly directional light), we can use the polarization and it’s wavelength de-

pendence to measure also other environmental condition in the ISM.   How strong is the local high-

energy (FUV) radiation �eld?  How and where do dust grains grow?  What is the mineralogy of the

dust grains, and does it vary with environment?  Such diagnostics from polarization, interpreted with

a well understood and tested theory, will enhance our understanding of the ISM, star-formation and

a number of other areas of astronomy.
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That’s what we’re working on now…


