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Outline 

•  Introduction to Foreground and Motivation 
•  New Emissions of Galactic Foreground: 

–  Spinning Dust Emission 
–  Magnetic Dust Emission 

•  Polarization of Galactic Foreground: 
–  Predictive Model of Grain Alignment 
–  Modeling Polarization vs. Observations 
–  Inversion Problem  

•  Summary 



Dusty Foreground

Background



Galactic Dust



Cosmic Microwave Background (CMB) 

night sky at 1 cm

T =2.7 K

COBE



Precision Cosmology 

K band  (23 GHz)

    Understanding 

Galactic Foregrounds

cleaning

LAMBDA

WMAP: Wilkinson Microwave Anisotropy Probe

Spergel et al. 2003



Galactic Foreground Emission
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COBE (1989)

1996: Discovery of anomalous emission by COBE 

•  Kogut et al. (1996): dust-correlated emission excess  at 31 GHz. 

•  Leitch et al. (1997):
o  emission excess at 14.5  and 31 GHz
o  Free-free emission from gas T≥106 K?

•  Draine & Lazarian 1998:
o  cannot be free-free emission from 106 K gas
o  electric dipole radiation of small dust grains



Past: Ideas of spinning dust emission can be traced 
through decades of astrophysical research

Erickson 1957

Ginzburg & Eidman 1959

Ferrara & Dettmar 1994

Two big changes from 50s: 
1.  Discovery of PAHs (Leger & Puget 1984)
2.  Discovery of anomalous emission (Kogut et al. 1996, Leitch et al. 1997)

Small grains are better emitters:
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PAH molecules observed in interstellar medium 

11 Credit: internet



Electric Dipole Emission from Spinning Dust 
(Draine & Lazarian 1998) 

PAH

modeling

ω

μ μ

Grain of dipole moment μ, rotating with ω parallel to a1: 

! radiates at frequency   

! Emission power:

! Angular velocity distribution: fω ≈ Maxwellian
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Total emissivity integrated over size distribution dn/da: 
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Leich et al.
Kogut et al.

de Oliveira-Costa et al.
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" Five-year WMAP: bump ~ 40 
GHz in Hα-correlated spectrum. bump

DL98

Results are not different from the DL98 model.

" Dobler et al. (2009) adjusted 
gas density and dipole moment.

" Ali-Haimoud et al. (2009) 
refined dust-gas interactions.

" Ysard et al. (2010): using 
quantum method.

Dobler et al. 2009

WMAP (2001)DL98 model is supported by numerous 
observations but requires improvement 



We are here



Electric Dipole Emission by Precessing Grain 

 PAH

modeling

DL98 model

μ spinning

spinning 
+precessing

μ

μ a2

a1

Ĵ 

θ

a3
our new model

Ĵ 



Power Spectrum: Identify Frequency Modes 

Ĵ 

#Torque-free motion: Euler angles ϕ, ψ, θ, 
and rates 

#Electric dipole moment:
#Fourier Transform:

#Power Spectrum:
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Power Spectrum: 4 Frequency Modes 

# Precessing  grain radiates at 
frequency modes: 

# Dominant modes:  

What makes grain rotating?
€ 

ωk = ˙ φ , ˙ φ ± ˙ ψ , ˙ ψ 

€ 

ωk = ˙ φ ± ˙ ψ 

DL98

ω/(J/I1) 1
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Rotational Damping and Excitation  

ion 

H (R~ 10-7 /s)

H

UV photon (R~10-8 /s)
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 Distribution Function: Solving SDEs 
•  Angular momentum J in the lab system is described by stochastic differential 
equations (SDEs -Langevin equation):

•  Damping and excitation coefficients (Ai and Bii) for:

o  dust-neutral and dust-ion collisions
o  infrared emission

o  plasma drag

•  Integrate LEs to get J(t) and find momentum distribution fJ
•  Emissivity per H atom:
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Emission Spectrum 

! Peak emissivity increases by a factor  ~2 .
! Peak frequency increases by factors ~1.4 to 1.8.

DL98

our result

our result

DL98

old

new

Hoang, Draine & Lazarian 10



Emission from Triaxial PAHs 

Triaxial  body 
shape!

Disk-like shape 



Power Spectrum: Multiple Freq. Modes 

" Multiple frequency modes:

where <…> denotes time averaging.
€ 

ωm = ˙ φ +m ˙ ψ ,m = 0,±1,±2...,

ω n = n ˙ ψ ,n = 0,1,2
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2I1Erot
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DL98
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Emissivity Increases with Grain Irregularity 

# Working model: Simple irregular shape

# Irregularity: η=b3/b2

case 1 (μ1=μ/31/2)

η=b3/b2

Pyrene 

b2 

b3 

η=b3/b2 
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Impulsive excitation by single-ion collisions extends the tail. 

b
a

b>>a

ion

grain

Change in J may be large

v

J



Fitting to WMAP data from H I cloud 
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•  T0=0.8

•  Sd0 ~ 0.9

•  β0=0.95 D,
•  nH ~10 cm-3 

Hoang, Lazarian, & Draine 11



Credit: Planck

Persus

Rho Ophiuchus

More regions with AME discovered by Planck



   Perseus cloud 

(Planck team 2011)
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Magnetic dust: Emission from Magnetic Dipole Fluctuations 

# Draine & Lazarian (1999) proposed magnetic dipole
 microwave emission as an alternative to spinning dust

# Draine & Hensley (2012, 2013) extended and improved
 the DL99, successfully explain submm excess

Draine & Lazarian 1999

Draine & Hensley 2012
29 



Polarization of Thermal Dust and
 Spinning Dust Emission 

December 26, 2014 30 

•  What is dust polarization? Why do we care? 
•  Grain Alignment Theory 
•  Ab-initio Modeling of Polarization vs. Observations 
•  Inversion Technique and Self-consistent Modeling 



ISM as a polarizer

star

W Albert Hiltner

1949: Discovery of Starlight Polarization



Polarization Spectrum of Starlight

IR-optical

λmax/λ

p/
p m

ax

λmax ~0.55μm 

UV 

K =1.15, Serkowski et al. 1973, 1975

K = 1.66λmax+ 0.01 (Whittet + 92)



Gravitational Waves via B-mode Polarization  

Planck

WMAP



Separating Polarized CMB Components 

Bicep2 (2014)





Dust polarization used to test star formation theory 

B map

Herschel

ALMASMA

•  Chandrasekhar-Fermi technique:

•  Mass to Flux ratio:

                Egra/Emag=M/Φ ~ N(HI)/B

•  M/Φ and B-field and outflow allow us
 to test star formation theory
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Inversion Problem 

Observations 

Not only to interpret observations but we must have predictive model, as 
well as quantitative predictions for CMB component separation. 
Therefore, a combination of various approaches is needed. 

Theory  
and Ab-initio Modeling 



Dust grains must be aligned to produce starlight polarization. 

Pext || B

Polarization produced
by differential extinction
by aligned dust grains

Credit: A. Goodman



Small grains (PAH) weakly aligned by paramagnetic relaxation

B

ISM

τDG < τdrag for a << 0.1 μm grains. 

•  Small grains can be aligned, big grains not
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Theoretical calculations of paramagnetic alignment 
•  Evolution of angular momentum J in the lab frame:

•  Damping and excitation coefficients (Ai and Bii) for:
o  dust-neutral and dust-ion collisions

o  infrared emission
o  plasma drag
o  paramagnetic relaxation, i.e., τDG(B) $

•  Degrees of alignment:
    R = <GX*GJ>, QJ(J,B)= <GJ>, QX(a1,J) = <GX> 

    with GJ = [3cos2β-1]/2, GX = [3cos2θ-1]/2 
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Paramagnetic alignment increases with magnetic strength.

Hoang et al. 2014b

PAHs

5% level
small grain

5% level

PAHs



Big grains are aligned by radiative torques 
acting on helical grains. 

Lazarian & Hoang 07
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Hoang & Lazarian 09

Lazarian & Hoang 07 Lazarian & Hoang 2007a

analytical model

big grain



Basic Properties of RAT Alignment:
Grains are aligned with low-J and high-J attractors.

#  Grains at high-J attractors are perfectly aligned, those at 
low-J attractors are partially aligned.

#  AMO predicts the “right” alignment with long axes
perpendicular to B. Hoang & Lazarian 08

DDSCAT

high-J attractorlow-J attractor

Qmax-ratio=0.78

AMO

Qmax-ratio=0.78

big grain



Theory

     ?

“Ab Initio” Modeling of Dust Polarization 
grain  size,  shape,  ngas,  Tgas,
 radiation field (intensity, k and
 B angle), and Qmax-ratio

Polarization
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•  Critical size of aligned grains: aali 
•  Degree of grain alignment: R 
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Polarization from Starless Cloud

starless core 

   DG theory: grains aligned in interface, not core

Davis-Greenstein prediction

AV ~1AV ~ 3

our prediction

RAT model 

AV =10

1/AV

Whittet, Hough, Lazarian, Hoang (2008) 

ISM photon



Hoang et al. 2014b

γ Cas star

IC 63 nebula

Andersson et al. 13

predicted
polarization map
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weak turbulence

350 μm

Polarized Emission from Molecular Cloud

strong turbulence

Hoang et al. 2015

350 μm

           ★        ★



Constraining Polarization of Spinning Dust from 
Starlight Polarization

#  PAHs produce 2175 Å (e.g., Draine 89)
#  PAHs radiate spinnning dust emission
#  How efficient are PAHs aligned?

December 26, 2014 48 

Cardelli et al. 89

Wolff et al. 1993
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P ∝ QJ (J,B)QX (a,J) cos
2 ξ

2175 Å bump

typical ISM

polarization extinction
2175 Å bump



Inversion Technique
o  Adopting a model of dust: silicate & carbonaceous compositions$
o  Constructing a model (Kim & Martin 95, Draine & Fraisse 09):

o  Minimizing an objective function:

o  Nonlinear Chi-square fitting: ~ Na*Nλ free parameters
o  Monte Carlo search method for global minimization
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wext, wpol: fitting weights



Best-fit Model Parameters
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#  PAHs are very weakly aligned 
#  Big silicates are efficiently aligned.
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Polarization 

€ 

P ∝QJ cos
2 γ

Maximum polarization of spinning dust is ~ 1.6 percent

~1.6 percent

best-fit

theory
Sky plane

B
γ

WMAP data

Dickinson et al. 2010

Future polarization data will test
our predictions. Hoang et al. 2013



1.  Spinning dust emission becomes a new, accepted foreground.
2.  A comprehensive model of spinning dust is established.
3.  Spinning dust can be used to probe PAH physical parameters 

using observational data (e.g., Planck, coming SKA).
4.  Spinning Dust Emission is very weakly polarized, but Thermal 

Dust Emission is highly polarized.
5.  A predictive model of grain alignment is proposed and 

supported by numerous observations.
6.  Combination of observations, theory and inversion technique is 

needed for precision modeling of dust polarization.

Summary 

Thank you for your listening!


