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Introduction: The ‘recipe’ of
polarized dust emission

Amount of dust on the line of sight

Dust properties: composition, shape, size
distribution

Temperature of the dust
llluminating radiation field on the dust
Alignment mechanisms working on the dust

Magnetic field geometry and especially how
ordered it is

All these effects are acting along the line of sight
and only the final result is observed



Grain alignment by radiative
torques (RATS)

* Anisotropic radiation field causes torques on the helical
(unsymmetrical) grains — alignment (Dolginov &
Mytrophanov 1976, Draine & Weingartner 1996, 1997, 2003;
Lazarian 2007, papers by Lazarian and Hoang)

F is alignment torque ( | to J)

Stationary points:
H is spin-up torque (// to J) F=0 for
grain E=0o0rT

Magnetic field B
. >
J

dy  Fastprecession

wﬁ“

{:} F'<0 is an attractor point
If spin-up torques H>0 we have high-J attractor
If H<0 zero-J attractor

Image Credit:
Lazarian & Hoang (2009)




Analytical model by Lazarian &
Hoang (2007)
« 'helical grain": mirror attached to an ellipsoid

« Reproduces radiative torques for irregular grains

1T F IL:I_I

AMO, left helicity DDSCAT, A=1.2um

Light beam
—_—

Image Credit: Lazarian & Hoang (2009)
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Simple RAT alignment
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RAT predictions

« Big grains align more easily — grain size
distribution changes (grain growth in dense cores)
should influence the arising polarization

 llluminating radiation field is the driver of the
alignment: more intensity — more alignment and
vice versa (starless cores — polarization hole)

« Alignment efficiency depends on the angle between
the magnetic field and the radiation field directions,
being most efficient when they are parallel
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 Whittet et al.
(2008): At higher
extinctions, the
mean size of
aligned grains
grows. Data from
background star
observations
through a cloud in
Taurus. Line from
RAT modelling.



Observational evidence for RATs

* Alignment efficiency drops more than expected from
just the depolarization from a turbulent magnetic field.
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Image Credit: Andersson (2012), adapted from Jones et al. (2011) and data from Whittet et al. (2008) looking at Taurus
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Observational evidence for RATs

Jones et al. 2015:
adding submm points
(of other starless
clouds) shows a
change in slope (to
-1) at Av ~ 20 mag —
no grains are aligned
anymore, which is
expected from the
RATs
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Figure 5. Same as Figure 2, with the addition of submm observations and a
simple model fit to the trend at high extmctions. The L183 data 1s plotted as
open triangles and the L43 data as open circles. Each submm data set was
shifted vertically by an arbitrary amount to line up with the K band data (see
Appendix B). The solid line is the result of a simple model where the alignment
of the grains decreases as a function of optical depth mto the cloud.



Almax [Wm]

Observational evidence for RATs

« Alignment efficiency
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Observational evidence for RATs

e Other alignment mechanisms might be at work, too:

H, formation enhancing alignment in I1C 63
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Radiative transfer modelling,
CRT & SOC codes

« CRT: Juvela, M., & Padoan, P. 2003, A&A, 397,
201; Juvela, M. 2005, A&A, 440, 531

« SOC: a newer code with the ability to use
hierarchical grids to go to a higher resolution. Also
uses DustEM tool for dust heating & emission.

 Monte Carlo method: millions of photon packages
are sent into the simulation, and they are absorbed
(heating the dust) and scattered. — Temperature,
scattered light and dust emission, and the incoming
radiation field and its anisotropy (very important for
the RAT alignment)



Radiative transfer modelling:
Inputs

e Dust properties from models or observations

* Photons from interstellar radiation field, observed
local radiation field (inc. local sources), or assumed
for the model

e Density structure from simple models, MHD
simulations or from observed column density (and
making assumptions on the 3D structure)

* One big advantage of MHD simulations is that we
have a consistent model of magnetic field, velocity
field and density.



RAT alignment code

* |nputs: density, magnetic field, incoming radiation
field and anisotropy, grain parameters, temperature

e Search for minimum grain size for which
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is larger than 9 (3 squared). All larger grains are
aligned — Fraction of aligned grains to calculate
polarized dust emission

« C++ kernel: 64° cube taking 0.5s instead of 1min,
256° cube done in 30s.



From alignment to polarized
emission

« Assumes perfect alignment of grains larger than a_,

LH: B Cr:m”(ﬂ) da
R = H . |
[ " Crapni(a) da

~Umin

p 0 =RF Cpol/Cran

where F is a polarization reduction factor due to the
turbulence below the resolution (if the turbulence is
resolved, then F = 1), and Cpo/Crandepends on the

grain shape (and composition).



From alignment to polarized
emission

* The Stokes vector is ray-traced through the cloud
(optically thin in FIR & sub-mm):

2
I = fS,.,e_T"{l — f){](CDSz’}/— 5)‘ dyo:

= f PoS,e ™ cos (2¢) cos” y dry;

= fﬂ{j S,e sin(2¢) CDSz”)/dTF.



'Invisible' cold cores

« Adark, starless core might not contribute at all to
the polarized emission — disconnect between the
core & observed magnetic field — problem for CF?
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Grain growth to rescue?

 If there is grain growth in the core, larger grains can still
be aligned: in this example, the sizes are doubled

10° F s~ 41t e |ce mantles form

: A . quickly, but do not
make large grains
much larger — no help
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« Grain coagulation
takes a long time
(several free fall
times), so some cores
can be too young for
this to have happened
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Modelling of cloud cores

* Exploring the parameter space:

Masses: 1, 2, 4 and 10 Msun (density profiles:
Bonner-Ebert spheres)

Radii: 0.05, 0.1, 0.2 and 0.5 pc

— 150 pc: 1.1', 2.3', 4.5, 11’

— 450 pc: 0.38', 0.75', 1.5/, 3.8’
Luminosities: 0, 0.5*(M/Msun)Lsun, 5*
(M/Msun)Lsun

Different magnetic field geometries: on the plane of
the sky & tilted (0, 15, 30, 75 degrees) & hourglass
(on the plane of the sky)



Polarization degree maps

* Uniform magnetic field on the plane of sky
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Intensity profiles: unsmoothed
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P profiles: unsmoothed
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Polarization hole towards YSOs

 |f magnetic field is on the plane of the sky — cos y
= 1. However, the radiation from the YSO is
towards the observer (or away, in the case of
ISRF), perpendicular to the plane of the sky —
angle dependence of RATs means minimal
alignment — low polarization degree.

* On the other hand, if the magnetic field is more
towards the observer — more parallel with the
radiation from the YSO so good alignment...

e ... butcosy— 0, meaning less polarization. Also,
small magnetic field component on the plane of the
sky — more likely to have magnetic field tangling.



Polarization degree wheny =75
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Effect of the resolution

e Best Case: uniform magnetic field, no noise
 Two distances: 150pc and 450pc

 The core maps (I, Q, U) are placed in the middle of
an image, with FWHM)/2 frame which has been
filled with values from the edge of the core.

e Gaussian filter is applied on each map, and then
new P map is calculated.

« SCUBA-2: 157
« PILOT: 2.2
« PLANCK: 4.5



Distance 150 pc, v =0’
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Distance 150 pc, v =0’
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Dlstance 450 pc v 0
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Dlstance 150 pc v 75
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Distance 150 pc, vy =75
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Dlstance 450 pc v 75
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Distance 450 pc, vy =75
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Conclusions

 PILOT & Planck: Even without noise and ignoring
magnetic field tangling (with beam averaging), it is
clear that resolution is not enough to distinguish
clearly between protostellar sources and starless
cores.

« SCUBA-2: Potentially able to see the central
features of nearby sources, or more massive cores
and bright sources farther away.

* Resolution is the key: Going to even higher
resolution (ALMA) would be very useful.



Things to do

* At what distance (resolution) and sensitivity (noise)
are these p(R) curves (or p-maps) distinguishable
from each other?

— resolution-sensitivity plot based on (M,L) and
comparison with current and planned instruments

 More realistic models: cores from Paolo's MHD
run? Realistic magnetic fields and background
confusion.

« Possible ALMA proposal to try and see evidence for
RATs in the polarization structure of nearby
protostellar cores?



Future work on the RT code

* Anisotropy calculation has been added to SOC
code; intent is to incorporate the alignment code so
that SOC produces polarization maps, too.

 New radiative transfer code in development:
instead of just |, propagate the full Stokes vector for
scattered light

« Done in cooperation with the Light Scattering group
iIn Helsinki University: they will provide scattering
code as well as grain properties, including radiative
torques.

« Code will be able to handle aligned, non-spherical
grains with different grain populations.
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