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Orientation for this record of the 
Keynote talk 

I will make occasional use of template slides such as this to write down 
a few things that were spoken over the slides (and not written on them) 
and to provide some connective tissue for motivating/organizing the talk 
and/or summarizing the results. 
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Introduction 

I suppose you saw on the way in that it is garbage day in Ferrara, which 
explains why all the dustmen are here assembled. 
 
This will be a Keynote talk, but with anarchistic spirit given using 
PowerPoint. 
 
I originally was asked to speak about “Sky dust properties” which was 
then morphed to suggest more focus on polarization.  This is warranted, 
but my talk provides more general background on the Legacy of Planck 
re dust, as a context for understanding the polarization. 
 
My talk is oriented toward cosmologists, not dustmen. 
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Bibliography 

A general though perhaps not complete Planck bibliography on dust 
follows, part of the developing legacy.  For full details, see 
http://www.cosmos.esa.int/web/planck/publications 
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Planck dust polarization: 
goals and legacy 
Dust polarization properties: 
Planck intermediate results XIX, XXI, XXII 
 
Magnetic field orientation, relative to structures: 
Boulanger presentation (and others papers therein) 
 
Power spectrum EE, BB: 
Aumont presentation, Planck intermediate results XXX 
 
 A better understanding of this dusty polarized  

foreground to the CMB (and CIBA). 

 



Planck papers: thermal dust 
Thermal dust seen in HFI (especially top three 

channels): 
Planck intermediate results XXIX 
Planck 2013 results XII 
Planck intermediate results XVII 
Planck early results XXIV 
 
Thermal dust polarization (especially 353 GHz):  
Planck intermediate results XIX, XX, XXI, XXII, XXX 
 
Separated components in intensity and polarization:  
Wehus presentation (not analysed here) 
 



Planck papers: AME 
AME seen in LFI 
Planck intermediate results XV 
Planck early results XX, XXI, XXII 
 
Wehus presentation (component in intensity) 
Vidal presentation (limit on polarization) 



Dust is so awesomely important… 

I might have started by remarking that dust was super important as the 
cosmic carrier of heavy elements,  
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HAGAR Perspective 
Captured in upper atmosphere. 

©2014 by King Features Syndicate, Inc. World rights reserved. 



Dust is so important 

… until my brother sent me this. 
 
(Ah, Hubris, to which we shall return.) 
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HAGAR Perspective 
Captured in upper atmosphere. 



State of understanding of dust… 
According to the Anime site 
RWBY @ http://rwby.wikia.com/wiki/Dust 
 
The name "Dust" is implied to be a reference to the 

primordial state from which mankind was born. 
 
Despite its widespread use and prevalence in society, 

humanity has yet to understand the origins or the 
implications of their involvement with Dust. 

 
They have produced a pamphlet “Dust for dummies” 
to which you might wish to refer. 



GOALS 
Set the landscape: what it this dust stuff anyway? 
 
What do we know that is reliable/believable, at what 
level?  How?  Evidence? 
 
What would we like to know about dust? What is the 
minimum you need to know!   
 
What have we learned about dust?  Legacy.  Are 
things different after Planck? 
What do we need to have learned about dust with 
Planck, to meet its goals? 
  



Approach: A quick and dirty 
history 
Anatomy of stuff plotted against frequency 
 
Correlations of dust with other stuff 



The CURSE 
in defining properties 
Beware of the temptation: 
assigning one dust component/property per phenomenon 
 
and Hubris: 
“Hubris often indicates a loss of contact with reality and an 
overestimation of one's own competence, 
accomplishments, or capabilities.” 
                 
             No hubris of course in cosmology  
 



Dust properties: lifting the curse, 
link complementary phenomena 
Our perspective changes through examination of 
different phenomena at different frequencies. 
e.g., emission and extinction 

Herschel SPIRE 250 µm 
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Dust properties: lifting the curse, 
link complementary phenomena 
Our perspective changes through examination of 
different phenomena at different frequencies. 
e.g., emission and extinction 

Herschel SPIRE 250 µm 

Spitzer IRAC Channel 4: 8 µm 



Analyse complementary phenomena 

No guarantee that this approach will result in “pearls of wisdom” but it 
might lead us to some “grains of truth.” 
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An important phenomenon, and lingo 

We start with an example phenomenon, extinction. 
The illustrative dust model is DustEM – Compiegne et al. 2010. 
 
This introduces the need for various grain components, and useful 
“shorthand” terminology. 
 
Cosmologists: Learn these terms for use at cocktail parties, to show how 
cool you are, but beware, BGs is “big grains” (about as imaginative 
terminology as “dark matter”), not the Bee Gees (http://
en.wikipedia.org/wiki/Bee_Gees). 
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Interstellar extinction curve, per H 

BGs 
PAHs small silicates 

VSGs 

visible 
near IR  ultraviolet 



Sizes and frequency dependence 
Property : size 
Phenomenon: extinction curve 
 
Increase in the visible, as ~  ν1, is understood via Mie 
theory, with size approximately the same as 
wavelength.  (No real information on composition)  
 
By the same token, when the extinction is observed 
to keep rising in the ultraviolet, it means we need 
smaller particles. 
 
Still, it turns out that most mass is in the “big” 
particles (worth remembering!). 
  



Dust radii 
“Big” grains: 
1000 Å, 100 nm, 0.1 µm, 
small bacterium, 
large virus  
(cf. fine hair: 10 µm) 
Domestic air filter 
ratings only include 
down to 0.3 µm 
PAH: 
7 Å, 0.7 nm 
(large molecules) 
Carbon nanoparticles 

BGs 

PAHs 

VSGs 



Size matters 

These particles, even the BGs, are really pretty small.  For comparison, 
ratings for “cleanrooms” quantify contaminating particulates only down 
to sizes of 0.1 micron. 
 
PAHs are “polycyclic aromatic hydrocarbons.”  Rather than “tiny dust” 
they could be referred to as “large molecules.”  Still, if you refer to them 
often enough as “carbon nanoparticles” your grant funding might 
increase. 
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(small) PAH example 
(C16H14 -- pyrene) 

Planar C ring structure.  H at periphery. 
UV-excited stretching and bending transitions  
                         (IRAS, ISO, Spitzer). 



Abundances and Composition 
Lesson: big grains were once thought to be ice. 
  
In the model, H2O made sense, being composed of 
abundant elements O(xygen) and H(ubris), the most 
abundant of all...   
 
But no 3.1 µm ice feature observed  death knell. 
 
With hindsight, thinking grains were ice was like 
thinking the earth is flat.  Even now, are we on the 
right track? 
  



Spectral features 

To get insight into the composition, spectral features are important.  
Unfortunately, there are none in the visible, very few elsewhere. 
 
Silicate 10 micron spectroscopic feature (Si – O vibrational stretch) is an 
important example, in extinction and polarization. 
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Spectral features 
Property: composition 
Phenomenon: spectral signatures 
 
A near UV feature at ~2200 A from graphite was 
predicted.  Subsequently such a feature was 
detected. 
Probably not the correct interpretation, but a huge 
bandwagon… 
 
But we adapt.  Carbonaceous grains now are 
amorphous carbon and PAHs, which share in 
common the carbon hexagons. 
 
 



Interstellar silicate features 

10 µm 



Abundances, extinction per H 

Property: composition (and size)  
Observable: extinction per H 
 
 hard to achieve without using most heavy elements  
 depletion in the gas phase 
 
Can’t waste too much on very large particles (neutral 
extinction, low per unit mass) 
 
Does not mean there are not any large grains. 



A whopper 

This SiC grain is introduced to make two points. 
 
1. Isotopic signatures can be used to trace its origin back to the dusty 
outflow from a carbon-rich AGB star.  So it has travelled here through 
the interstellar medium, but that does not mean it is representative of 
interstellar dust. 
 
2. Cosmic abundances are not a unique predictor of dust composition. 
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The whopper 



The whopper 
Large presolar SiC grain 
recovered from a meteorite 

 



Abundances, depletion  
Constraints on / sensible compositions, but not 
unique predictor.   
 
Si is highly depleted.  In what form? 
 
Cosmic abundances would allow lots of SiC, but the 
evidence is that there is little SiC in the ISM 
(spectroscopic signature missing).   
 
Furthermore, most Si needs to be in SiO bonds to 
explain the strength of the silicate feature. 



Interplanetary dust particles 
Captured in upper 
atmosphere. 
Isotopic anomalies, clues 
to history. 
GEMS: like interstellar 
silicates (composition, 
size, non-spherical 
shape).  Martin 1995. 
Residue of C in matrix 
(even primitive 
meteorites, the 
“carbonaceous” 
chondrites, are carbon 
poor). 

Brownlee/Bradley 



Dichroic extinction 
Interstellar polarization curve 

Only big grains 
are aligned. 

not polarized 

visible 

Martin 2007 



Size and alignment 
Polarization in the UV 
Phenomenon: 
Peak in visible: Serkowski 
Extend to UV: big disappointment – keeps decreasing! 
Property: 
The smaller grains are not (or much less) aligned.   
Only (some of) the big grains are aligned.   Simpler! 
(they provide the UV polarization as well as the visible) 
 
Quantified as function of size in Kim and Martin (1995).  
 
Why?  Radiative torques, which affect spinning and 
alignment, couple best with big grains.  Andersson 2015 
 



Polarized spectral features 

silicate 
ice 

Martin 2007 



Aligned big silicates 

An economical –  though not unique  – hypothesis. 
Large amorphous carbon not?  Chiar et al. 2006 
 
But beware, alignment is a rich mixture of mechanisms, 
and there could be some residual alignment of small 
particles.  
Marginal evidence for a small polarization enhancement 
at 2200 A bump on a few lines of sight;  
related to spinning dust.   
 
Hoang presentation. 
 



Dust emission 

These slides introduce emission, which should be seen to be a 
“complementary phenomenon” allowing us to be more confident in 
constraining some grain properties. 
 
In the end, only the thermal equilibrium emission from BGs might 
matter to cosmologists, particularly the BGs polarized emission which 
contaminates the B-mode signal (Aumont presentation, PIP XXX). 
 
The concept “energy emitted” = “energy absorbed from the interstellar 
radiation field” is a useful connector between the complementary 
phenomena.  
 
The other information is supplementary, for cocktail parties and elevator 
talks on things like spinning dust. 
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Planck: dust emission spectrum 
Mid-IR, thermal peak into submm, AME 

Planck intermediate results. XII 

Thermal dust 

AME 

LFI 

HFI 



(Thermal) Emission by dust 

Dust emission is optically thin (at frequencies of interest 
here). 

The SED is described by: 

Iν = τν Bν(T). 
T is the (instantaneous) dust temperature. 

Iν = κν Mdust Bν(T) for small particles 

(mass weighted; no size information) 



Equilibrium dust temperature 

The larger (aka “big”) dust particles are in thermal 
equilibrium with the interstellar radiation field (ISRF). 

Emission is in proportion to mass. 

The largest, thermally-emitting, dust grains dominate the 
mass and hence the sub-mm emission. 

Required: absorption = emission 

 lifting the curse: now two phenomena per grain 
component 

Initial success for grain models:  predicted T ~ 20 K is 
reasonable.  e.g., DustEM again; Hensley presentation. 

 



Spectral dependence of opacity 

The opacity κν is frequency dependent, νβ. 

A bit of history: in FIR  β ~ 2, 1.8, 1.6 
(changing data and calibration) 
β  ~ 1.6, but it might be frequency dependent (FIR vs. 

mm range) and spatially dependent. 

Ouch: models are malleable on β, not very predictive 

Iν = κν Mdust Bν(T). 

Iν = τν Bν(T). 



SED fit to  
HI-correlated dust emission 
Iν = τν Bν(T). 

εν  = Iν  / NH = τν / NH Bν(T). 

 

Planck early results. XXIV 

The SED is fit to emissivities εν in the top 3 HFI bands 
and IRAS 100 micron  

to find τ353 GHz / NH , T , (and β ).	


 



SED 

     The frequency 
dependence of 
the emissivity 
(component by 
component). 

 

      IVC hotter. ν –––     

εν 

Planck early results. XXIV.  



Opacity 
 
Opacity = optical depth per H 
(ability to emit, per H) 

σν =  κν [Dust/Gas] µmH =  τν / NH   
                                                       observables 



Evidence for opacity changes 

 Locus of constant Power. 
           Equilibrium Tdust adjusts  
           in response to opacity.  

Planck early results. XXIV. Dust in the diffuse 
interstellar medium and the Galactic halo 

@ 1200 GHz 



SED fit to pixels over entire sky 

The SED is fit pixel by pixel to the top 3 HFI bands 
(CMB subtracted) and IRAS 100 micron  

at a coarse 30’ resolution (higher S/N at high latitude) 
to find τ353 GHz , T , and β ; 

and then at full 5’ resolution to find τ353 GHz and T .  

Planck 2013 results. XII. 

Product maps in the Planck Legacy Archive 



Ancillary product in the PLA 
 Radiance = integrated emission 
= integrated absorption 
 
LH = radiance / NH 



Equilibrium dust temperature 

One of the unexpected legacy results of Planck is that even in the high 
latitude sky the dust temperature is not constant (Planck early results 
XXIV).  This is important for component separation (previous 
presentations). 
 
This appears to be happening even though the interstellar radiation field 
is fairly constant (or the LH absorbed from it is fairly constant) because 
the dust opacity (ability to emit) is changing from place to place, and 
the temperature change, given equilibrium, is a response to that. 
 
In the column density range of interest in the sky fractions most useful 
to cosmology, LH is more constant (smoother over the high latitude sky) 
than opacity.  (Beware that there is some patchy “intermediate velocity 
gas” in the denominator NH, which lowers both LH and opacity (blue 
patches) if the IVCs have less dust. Planck 2013 results XII.) 
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Opacity vs. gas column density  

The dust opacity increases with gas column density, 
that is measured with H I and CO. 
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LH (= absorbed energy per H)  
vs. gas column density  

LH is more constant with gas column density  

1 10 100
NH [1020 cm-2]
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L H
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1  W
 H

-1
]

XCO = 1x1020 
XCO = 2x1020 
XCO = 3x1020 

Planck 2013 results. XII. 



Opacity changes 

The dust opacity changes even in the diffuse ISM. 
Planck early results. XXIV. 

“In the diffuse ISM, the Draine and Li fitting parameter 
Umin appears to trace variations in the far-IR opacity 
of the dust grains. Therefore, some of the physical 
assumptions of the Draine and Li model need to be 
revised.”  Planck intermediate results. XXIX. 
Tension with predictions of grain models, which are a 
factor ~2 too low (relative to visible extinction) even 
at low NH.  Planck intermediate results. XXI. 
 
 

 



Dust emission spectrum 
Mid-IR, thermal peak into submm, AME 

Thermal dust 

AME 

LFI 

HFI 

Planck intermediate results. XII 



Non-equilibrium temperature 
W. Duley 1973 
M. Greenberg and S. Hong 1974 
E. Purcell 1976 
(exploring effects on surface processes; missed 
opportunity, failing to predict the infrared emission) 
 
BG and VSG emission observed with IRAS --> 
theory responds (small particles already needed for 
far UV extinction curve)  
Draine and Anderson 1985 
 
PAHs (IRAS, ISO, Spitzer) 
DustEM 



Lifting the curse 
Account for multiple phenomena with a given 
component. 
 
PAH component in extinction re-radiates power 
in near-IR band. 
Rapidly spinning PAHs could also account for 
the AME at 30 GHz. 
 
VSG still a one-trick pony? 
 
Huge frequency range: beware assumptions on 
beta. e.g., PAH at low frequency? 



Dust emission spectrum 
Mid-IR, thermal peak into submm, AME 

Thermal dust 

AME 

PAH 

BGs 
VSGs 

PAH 

Now identifying the 
proposed carriers of non-
equilibrium emission and 
the AME 



PAH by stealth at low freq. (no?) 

Thermal dust 

100 GHz 

BGs 

VSGs 

PAH 

DustEM components 



Planck: 
dust polarization in the submm 
353 GHz 
Polarized thermal emission by BGs. 
 
The all sky maps (Planck intermediate results. XIX; and 
data soon to be on the PLA) are a tremendous legacy, 
though not dwelt on here. 



Polarized intensity Q at 353 GHz 

Planck intermediate results. XIX.  aka PIP XIX 



Polarized intensity U at 353 GHz 

Not the same as Q, so orientation of E vector changes. 

PIP XIX 



Degree of polarization: p = P/I 

Low p values in inner Galactic plane.  
Larger p values in outer plane and intermediate latitudes. 

PIP XIX 



Inferred B direction (on I353 map) 

Field direction often consistent with B in Galactic plane, but major excursions. 
Field homogeneous over large regions with strong p. 

PIP XIX 



Comparison with interstellar 
polarization on same line of 
sight 

Lift the curse!  Account for multiple phenomena with a 
given component. 
 
Big grains account for thermal emission. 
Big grains account for optical polarization. 
 
 Predict a quantitative relationship between submm 
polarization and interstellar polarization in visible. e.g., 
Martin 2007. 
 
à    



Comparison with visible: 
orientation of E vector 

Electric vector in 
visible 
(extinction) is 
parallel B field. 
 
Electric vector in 
submillimetre is 
perpendicular to 
B field. 

Planck intermediate 
results. XXI.   
aka PIP XXI 



Lines of sight probed, on map of P353 

PIP XXI 



Not all maximally polarizing 
Submm Visible 

Serkowski plot on left; upper envelope. 
New data in submm are consistent 

PIP XXI 



P/I (submm) vs. pV/τV (visible) 

Tightly 
correlated. 
 
Suboptimal 
alignment 
affects each. 
 
Slope: 
Constraint on 
grain models 
(close to 
expectations) 

PIP XXI 



P(submm) vs. pV (visible) 

Tightly 
correlated. 
Slope: 
Constraint on 
grain models 
Higher than 
model 
predictions 
by ~2.5  
(tension: more 
emissive, like 
opacity) 

PIP XXI 



Frequency dependence of 
submm polarization 
Different components contributing to emission I. 
 
Not all necessarily polarizing and contributing to P. 
 

If β were different among components, then the 
polarization fraction p = P/I could be frequency 
dependent, e.g., Martin 2007. 
Not a strong effect in practice, at least down to 150 
GHz region for B-modes.  Ghosh presentation, Planck 
intermediate results XXII 
 



Dealing with the “tension” 

It appears that dust opacity changes even in the high latitude sky, and 
that there is a tension: the submillimetre emissivity of real (polarizing) 
grains, relative to their absorption in the visible, is higher than predicted 
by existing models.   
 
Even though this is “just” a factor of two (an order of magnitude in 
base-2), it should make us (even cosmologists) a bit uncomfortable 
whether we really understand dust sufficiently. 
 
Rather than prescribing vallium, or just adjusting the models in some ad 
hoc way, it seems preferable to seek out new diagnostic phenomena. 
 
One phenomenon that involves the same BGs and the same interstellar 
radiation field that heats the dust (and so a phenomenon that is 
complementary, addressing the curse!) is scattering in the visible. 
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To understand dust we need 
more constraints: Light 
scattering by high-latitude dust 
The integrated light from stars illuminates the cloud 
(Sandage 1976). 
 
The brightness is a fraction of a percent of the 
terrestrial night sky, but structure can now can be 
brought out easily with modern optimally-coated (no 
internal scattering) fast telephoto lenses in front of 
CCD detectors. 



Scattered light: new horizons 
Resolving the diffuse galactic light. 
Higher spatial resolution (6”) for studies of / with 
morphology. 
 
A new handle on dust evolution in regions where we 
see opacity changes in the submillimetre (including 
dust in “dark gas” regions) but where there is no 
visible extinction data because column densities are 
so low. 



Trial target: an “IVC” crashing 
into the Galactic disk 
DRACO nebula.  Scattered light already detected: 
POSS and Witt 2008. 
One of our Planck/GBT regions: Planck early 
results. XXIV.   
 
Herschel imaging offers higher resolution, an 
opportunity to examine the “working surface.” 
Development of instabilities. Transition between 
atomic and molecular gas. 



 
 

Planck Legacy Archive τ353  



Emission by spinning dust 
W. Erickson 1957 
F. Hoyle and C. Wickramasinghe 1970 
 
Some observational evidence --> 
Draine and Lazarian 1998 
 
Planck 

Draco IVC, thermal dust emission.   
Herschel, 250 microns, 20” resolution. 
Miville-Deschênes, Boulanger, Martin… 
 



 
 

Cloutier, 
Martin, 
Abraham, 
Zhang… 

Scattered light, g band 

Dragonfly 



Emission by spinning dust W. Erickson 1957 
F. Hoyle and C. Wickramasinghe 1970 
 
Some observational evidence --> 
Draine and Lazarian 1998 
 
Planck 

Herschel zoomed in for detail 

Pesky point sources: galaxies 



Scattered light in 10 minute Dragonfly test image  

Pesky point sources: stars! 
Dragonfly 



Enabled by the Dragonfly 
Telephoto Array 
Robotic Dragonfly Array 
(now 10 Canon lenses, 
going to 50).  
 
Developed by Abraham 
(U Toronto, Dunlap) and 
van Dokkum (Yale), to 
study galaxy assembly 
from the “cosmic web.” 
      
FOV 2 by 3 degrees. 



Lift curse: self-consistent modeling 
Complementary: Same interstellar radiation field that 
powers the thermal dust emission, and same BG dust.   
 
Therefore, tests the grain model; do we understand the 
relative amount of absorption and scattering (the albedo, 
predicted by the dust model)? 
 
Like all scattering phenomena would (e.g., reflection 
nebulae, DGL), this also tests the anisotropy of the phase 
function (again predicted by Mie theory for the model) – 
and – the anisotropy of the radiation field (another 
interesting topic, e.g., for alignment).   
Note that the scattered light would be polarized as well, 
also testing anisotropy of the radiation field. 



Planck is a 
project of the 

European Space 
Agency, with 
instruments 

provided by two 
scientific 

Consortia funded 
by ESA member 

states (in 
particular the 

lead countries: 
France and 
Italy) with 

contributions 
from NASA 
(USA), and 
telescope 
reflectors 

provided in a 
collaboration 
between ESA 

and a scientific 
Consortium led 
and funded by 

Denmark. X name "The talk" 
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The scientific results that we present today are a product of 
the Planck Collaboration, including individuals from more 
than 100 scientific institutes in Europe, the USA and Canada.   

CITA – ICAT

UNIVERSITÀ DEGLI STUDI
DI MILANO 

ABabcdfghiejkl



Thank you 
X, Ferrara, Dec 2014 


