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11 - INTERSTELLAR DUST 
 
General Processes 
 
Extinction 
Reddening (λ-selective extinction) 
Scattering (reflection nebulae) 
Thermal IR Emission 
Polarization (by scattering & selective extinction) 
 
Re-Introduction to MAGNITUDES 
 

m λ( ) = −2.5logℑλ + const. λ( )

m*2 λ( ) −m*1 λ( ) = 2.5log
ℑ*1 λ( )
ℑ*2 λ( )

⎧ 
⎨ 
⎩ 

⎫ 
⎬ 
⎭ 

two stars at one wavelength

mλ2
−mλ1

= 2.5log
ℑλ1

ℑλ2

⎧ 
⎨ 
⎪ 

⎩ ⎪ 

⎫ 
⎬ 
⎪ 

⎭ ⎪ 
− const. one star at two wavelengths

 

“Alphabet Soup Photometry” 
UBVRIJHKLMNQ…… 
 

"B − V"= mB −mv = 2.5log
ℑV

ℑB

⎧ 
⎨ 
⎩ 

⎫ 
⎬ 
⎭ 
− const. 



 2 

 
Extinction = Absorption + Scattering 
 
 
 
 
 
 
 

  

dIλ
dz

= jλ − aλnIλ = −aλnIλ if jλ = 0

let dτ λ ≡ aλndz τλ = aλn dzz =0

z =z0

∫
dIλ
Iλ

= −dτλ ln Iλ = −τ λ + const.

for τλ = 0 ln Iλ = ln Iλ 0( )
Iλ τλ( ) = Iλ 0( )e−τ λ

Aλ mags( ) = 2.5log Iλ 0( )
Iλ τλ( ) = 2.5log e

τ λ( )
= 2.5τ λ log e

0.4343...


Aλ = 1.086τ λ

 

 

Absorbing & 
Scattering 
Cloud 

z=0 
 
Iλ(0) 

z 
z=z0 

dI = j dz − anI dz  
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Color Excess   E λ2 − λ1( ) = A λ2( )− A λ1( ) = mλ2 τλ2( )−mλ2 0( )⎡

⎣
⎤
⎦ − mλ1 τλ1( )−mλ1 0( )⎡

⎣
⎤
⎦  

 
E λ2 − λ1( ) = mλ2

τ λ2( )−mλ1
τ λ1( )⎡⎣ ⎤⎦ − mλ2

0( )−mλ1
0( )⎡⎣ ⎤⎦

i.e.E B −V( ) = B −V( )observed − B −V( )true
 

 

 
Map of E(B-V) from Lallement et al. arXiv:1309.6100 (reproduced from Schlegel et al 1998, ApJ, 500, 525 
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Figures from Lallement et al. arXiv:1309.6100 
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Total-to-Selective Extinction – traditionally done in B and V: 
 

RV ≡
AV

E B− V( ) =
AV

AB − AV
=

aV
aB − aV

 

 
Pair Method to get Aλ and R 
 
Compare 2 stars (ratio of their fluxes) of the same intrinsic color (same Tsurf or B-V) 
 
 
 
 
 
 
 
 
 
 
 
 
Results – usually R~3-3.5, with <R>~3.1 
 
To compare extinction curves of stars with different amounts of dust along the line of sight, it will be necessary to 
normalize them in some fashion. Usually this is done by dividing by the E(B-V) for each star. 

 

  1  2  3 

AV 
AB 

AB-AV=EB-V 

A∞=0 

1
λ µm−1  

Δmλ 
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All of the curves are characterized by an overall increase in 
extinction with decreasing wavelength, with a slight 
“shoulder” in the visible, and a distinct peak in the UV 
near 2175 Å. This feature is an indicator of carbonaceous 
material. 
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There are variations in the extinction law, especially 
evident at UV wavelengths. These have been 
parameterized by Cardelli, Clayton, and Mathis 
(1989, ApJ, 345, 245): 

 

   

Eλ−V

EB−V

= c1 + c2x( )
linear term
 

+ c3D(x)
bump term

+ c4F(x)
far−UV rise


where x = λ−1

 

What do these extinction curves tell us about the nature of the grains? 
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Optical Properties of Small Particles 

 

individual spherical grain :σ Extinction
Absorption
Scattering

= πa2
geometric
cross−sec tion

 QE
A
S

efficiency
factor



cm2

particle AND net
Extinction
Absorption
Scattering

⎧
⎨
⎪

⎩⎪

⎫
⎬
⎪

⎭⎪
coeff . C λ( ) = n a( )

0

∞

∫ πa2Q a,λ( )da  

Define x ≡
2πa
λ  and let the complex index of refraction be  m = n + ik  

 
2 Basic Limits: 
 
A.   x<<1 Rayleigh Limit 
 

Qabs = 4x Im m2 −1
m2 + 2

⎧ 
⎨ 
⎩ 

⎫ 
⎬ 
⎭ 

Qscat =
3
8
x4

m2 −1
m2 + 2

2

Qext = Qabs + Qscat

 

 
When k≠0, if x<<1, then 
Qscat~0 and Qext~Qabs. 

B.  x>>1 (“Brick” limit) 
but still in diffraction limit 
 
Qext → 2 (!!)  
 
 
 
 
 
Look at the extinction 
curve in the Ch. 5 notes!  

 
What is n(a)? Seems to be n(a)~a-3.5, with a maximum and minimum size limit. What is the total ndust? Let us make 
an educated guess: 
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Let x ~ 2, λ ~ 0.5 µm, Qext ~ 2

σλ ~
5
π
x10−9 cm2

particle and τ λ = ndustσ λ s
path
length

 =
Aλ

1.086

∴ndust =
Aλ

1.086σ λs

OBSERVATION Aλ

s
~ 1mag kpc −1 so Aλ

s
~ 1
3x1021cm

⇒ ndust ~ 2x10
−13cm−3

 

 
What is the MASS DENSITY of dust in the interstellar medium? 

   

mass density = ndust

4
3
πadust

3 ρdust

mass per grain
  

ρdust ~ 3 g cm−3 ⇒ mass density dust( ) ~ 10−26 g cm−3

ngas ~ 0.5 cm−3 ⇒ mass density gas( ) ~ 10−24 g cm−3

mass of dust
mass of gas

~ 10−2

 

 
Because of this, astronomers often refer to the “gas-to-dust ratio” being ~100. 
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Now, looking at longer wavelengths, we see additional features. Some of these are due to ices, and are found only 
in cold dark clouds. A strong silicate absorption band is seen in both cold molecular clouds and warmer diffuse 
clouds. 

 
 
As we will see later, traditionally the observed extinction curves have been modeled as a mixture of silicate 
particles and carbonaceous particles, specifically graphite. 
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POLARIZATION    

  
When light scatters off of small particles, the scattering 
phase function will depend on the relative size of the 
particles to the wavelength of the light - i.e. the 
previously-mentioned size parameter X = 2π ⋅radius

wavelength
. 

Polarization will also occur when light is scattered off of 
small particles. In this case we are considering only 
linear polarization. If one passes the light through a 
“perfect” polarizing filter, the fractional polarization is 
determined from the maximum and minimum intensity 
observed: 

P =
Imax − Imin
Imax + Imin
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But interstellar grains can act as polarizing filters also! 
 
Polarization due to aligned grains: 
 

 
We see the maximum polarization when looking ⊥ to 
the direction of the magnetic field lines, and zero when 
looking || to it. Figure from Lazarian arXiv:0811.1020.  
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The polarization has an upper limit 
of P

AV
~ 3.0%mag−1 representing 

optimum grain alignment. The 
plane of polarization, when 
compared to that of synchrotron 
radiation in other galaxies, is 
consistent with grains aligned 
normal to the magnetic field 
direction. (From B.-G. Anderson 
(2012). 

 
The polarization is a function of the wavelength. The total polarization to a star will depend on both the amount of 
dust along the line of sight, as well as the degree of grain alignment. All stars exhibit a maximum in their 
polarizations in the visible wavelength region, but the exact value of λmax varies from object to object, and seems to 
correlate with R. 
 
Nevertheless, there seems to be a “universal” polarization curve when normalized to Pmax and λmax: 
 
Pλ
Pmax

= exp −K ln2 λmax
λ

⎛ 
⎝ 

⎞ 
⎠ 

⎧ 
⎨ 
⎩ 

⎫ 
⎬ 
⎭ 

 with K=1.15. The parameter K determines the width of the curve. This relationship is 

 referred to as Serkowski’s Law. Somewhat better fits to stars are obtained by letting K vary somewhat. Fits to the 
actual data suggest that K depends on the value of λmax (K=c1λmax+c2: Wilking’s Law). 
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To produce the observed 
polarizations, modelers invoke 
elongated silicate grains that are 
aligned with the galactic magnetic 
field. There are many models. One 
“obvious” one is by ferromagnetic 
inclusions. 
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Grain Albedos   albedoϖ =
Cscat
Cext

 

 
This can in principle be determined by observing reflection nebulae and the diffuse galactic light. 
 
 
 
 
 
 

 

 
 
 

It appears as if the 2175 Å feature seen in the interstellar 
extinction curve is an absorption feature. However, 
these sorts of calculations are very uncertain. 
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Heating of Grains by Stars 
 
 
 

Ein = 4πJν *UV∫ πa2Qabs
UV

a,λ( )dν

Eout = 4πa2
IR∫ πBν Tgrain( )Qabs

IR
a,ν( )dν

 

 
 

Typically, Qabs
UV
~1 Qabs

IR
~ qνγ where γ ~ 1.6  

 

In equilibrium,  Tg =
h
k

1
qIR

L*
4πr 2

c2

8πh
1

Γ 4 + γ( )ζ 4 + γ( )
⎡ 

⎣ 
⎢ 

⎤ 

⎦ 
⎥ 

14+γ

 

Using γ~1.6 and q~1.4x10-24,  Tg ~10
L*
L
rpc
2

⎡

⎣

⎢
⎢
⎢

⎤

⎦

⎥
⎥
⎥

1
5.6

e−
τUV 5.6 0.05

aµm

⎡

⎣
⎢
⎢

⎤

⎦
⎥
⎥

1
5.6

 

 
For L~106 L

¤
, r=1 pc, τ=0 this gives Tg~120 K (peak emission at ~24 µm) in  Fλ  units. 

 



 17 

WHAT ARE THE GRAINS? 
 
Silicates – main bands near 9.7 µm (SiO stretch), 20 µm (SiO bend) + many others at longer wavelengths. Seen in 
absorption in the ISM, emission and absorption for dust surrounding stars. 
 

 

 
 
IR spectra of the dust surrounding the Herbig 
Ae/Be star HD 100546, Comet Hale-Bopp, 
and laboratory sample of forsterite (Mg-rich 
olivine silicate). 
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Carbon Stuff: all C-rich materials absorb near 0.22 µm. Graphite has been a favorite because its optical constants 
was measured in the laboratory decades ago.  Diamonds are another component – nanodiamonds are found in 
meteorites, for example. But the actual C-stuff may be a complex mess, since C forms so many complex 
molecules. More on these later… 
 
 
 
Because silicates and 
carbonaceous material 
dominate the spectral 
features seen in the 
diffuse clouds, the 
interstellar extinction 
curve has traditionally 
been modeled (with some 
success) as a mixture of 
silicate grains and 
graphite grains. Usually 
Mie theory is used. 
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The “classic” paper outlining a fit to the overall 
extinction curve is that of Mathis, Rumpl, and 
Nordseick (1977 ApJ, 217, 425), who used just this 
mixture, an n(a)~a-3.5 size distribution, and a size range 
of 0.005 µm – 1 µm (later revised to 0.25 µm). This mix 
is commonly referred to as the “MRN” mix. 
 
J. Mayo Greenberg developed an alternate model, based 
on his studies of the processing of icy mantles on 
silicate grains under conditions simulating those in cold 
molecular clouds. There, cosmic rays will convert these 
ices into an organic refractory material (“yellow stuff”) 
to produce a core-mantle structure. 

 
 
Other models exist as well….. 
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SiC – 11.3 µm seen in emission in some C-rich stellar outflows from stars. 
 

  
 
 
Spectra of the C-rich star UU Aur. The left spectrum shows the flux data, while the curve on the right has had the 
background continuum divided out. The 11.3 µm feature is due to SiC. 
 
Ices of H2O, NH3, CH4, CO, CO2 in giant molecular clouds. 
 
These are shown on page 10 of these notes. 
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Organics - Polycyclic Aromatic Hydrocarbons (PAHs), Hydrogenated Amorphous Carbon (HACs), etc. 
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Ensembles of PAHs and C60 (Buckminsterfullerene – “buckyballs”) 
 

  
The structure of the C60 molecule Locations of C60 lines in two interstellar sources. From 

Sellgren et al. 2010, ApJ, 722, L54 
 
 

 

 
 
 
The decomposition of the PAH and C60 components in 
the spectrum of NGC 7023. From Sellgren et al. 2010, 
ApJ, 722, L54 
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Others? Diffuse Interstellar Bands (DIBs) – ionized PAHs? 
 
 
 
 

 

 
 



 24 

The Infrared Interstellar Extinction & Emission Curves (Recent Work) 
 
While many studies of the interstellar extinction have suggested that ISM grains are dominated by sub-micron 
sized grains, the 3-10 µm extinction along many lines of sight may require a different “prescription” that includes 
grains larger than this – see Wang et al. 2015, arXiv 1508.03403. 
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Interstellar Dust in the Laboratory? 
 
Interstellar dust grains that survived the formation process of our solar system were incorporated in comets in a 
relatively unprocessed state. These grains can be collected in the Earth’s atmosphere and studies in the laboratory. 
 

  
 

These generally consist of glassy Mg-rich pyroxene 
(enstatite MgSiO3) and olivine (forsterite Mg2SiO4) 
material with a matrix of an organic refractory material. 
They also contain inclusions of iron that would allow 
them to become aligned with the galactic magnetic field 
much more efficiently than was once thought possible 
for a pure dielectric material (Davis-Greenstein 
mechanism). 
 

The physical and chemical structure of the silicate 
subunits are a heterogeneous mixture of Glass with 
Embedded Metals and Sulfides = “GEMS”. 
 

Some C-rich meteorites contain graphite and SiC grains that were able to survive the harsh conditions in the inner 
solar system. 
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A graphite “onion” (left) and SiC grain (right) extracted from C-rich meteorites. 
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Isotopic anomalies provide clues about the origin of these grains. 
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Isotopes of O point to an 
origin at the base of the 
convection zone in AGB 
stars, while 3rd dredge-up 
material is rich in 13C. 

 
 


