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Physics 224 
The Interstellar Medium

Lecture #11
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Dust!
We have talked fairly extensively now about 

the interaction of radiation with gas.

This occurs at specific frequencies (absorption by atoms, ions, molecules) 
or at certain frequency ranges (ionizing radiation).

Now we move on to talking about dust -  
which interacts with light at a wide range of wavelengths.

Dust is key for coupling radiation with the gas 
in most ISM phases.
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How we learn about dust
• Extinction: wavelength dependence of how 

dust blocks (absorbs & scatters) light 

• Polarization: of starlight and dust emission 

• Thermal emission from grains 

• Microwave emission from spinning small 
grains 

• Depletion of elements from the gas relative 
to expected abundance 

• Presolar grains in meteorites or ISM grains 
from Stardust mission (7 grains!), Cassini
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Stardust Mission
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Stardust Mission
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How we learn about dust
• Extinction: wavelength dependence of how 

dust blocks (absorbs & scatters) light 

• Polarization: of starlight and dust emission 

• Thermal emission from grains 

• Microwave emission from spinning small 
grains 

• Depletion of elements from the gas relative 
to expected abundance 

• Presolar grains in meteorites or ISM grains 
from Stardust mission (7 grains!), Cassini

Dust/Light 
Interaction

First:  
definitions 

Then: 
dust optical  
properties
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Extinction

Basic method for measuring extinction: 
“pair method” - two stars of the same type behind  

differing amounts of dust

wavelength dependent attenuation of 
light by absorption and scattering
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Extinction

Extinction at 
wavelength λ

observed 
fluxexpected  

flux w/o dust
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Extinction

Extinction at 
wavelength λ

observed 
fluxexpected  

flux w/o dust
note: τλ includes both 

absorption & scattering
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Extinction

Extinction at 
wavelength λ

observed 
fluxexpected  

flux w/o dust

This can be tough to measure, because to know the  
expected flux we need to know both the stellar spectrum 

and the distance to the star.
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Milky Way Dust Extinction Curves
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Reddening or “Color Excess”
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Reddening or “Color Excess”
If we don’t know the distance, we can still measure 

the change in the color of a star due to dust.
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Reddening or “Color Excess”
If we don’t know the distance, we can still measure 

the change in the color of a star due to dust.

“color” = difference in magnitude at 2 wavelengths 
for example B band (4405 Å) and V band (5470 Å)

intrinsic

observed
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Reddening or “Color Excess”
If we don’t know the distance, we can still measure 

the change in the color of a star due to dust.

“color” = difference in magnitude at 2 wavelengths 
for example B band (4405 Å) and V band (5470 Å)

intrinsic

observed

dependence on distance cancels, since it is the same at both wavelengths
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Reddening or “Color Excess”
If we don’t know the distance, we can still measure 

the change in the color of a star due to dust.

“color excess” 
or “reddening”
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Reddening or “Color Excess”
If we don’t know the distance, we can still measure 

the change in the color of a star due to dust.

“color excess” 
or “reddening”

rearrange this



© Karin Sandstrom, UC San Diego - Do not distribute without permission

Selective Extinction RV

RV = slope of extinction 
curve in optical  

B & V bands

MW average RV = 3.1 
but it varies!
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Selective Extinction RV

- Fitzpatrick 2004 review “Astrophysics of Dust”
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Milky Way Dust Extinction Curves

from Fitzpatrick 2004 review “Astrophysics of Dust”
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Milky Way Dust Extinction Curves

from Fitzpatrick 2004 review “Astrophysics of Dust”
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Optical Properties of 
Dust Grains



© Karin Sandstrom, UC San Diego - Do not distribute without permission

Scattering & Absorption of 
Light by Small Particles

Incoming EM wave, oscillations excited in scatterer, 
acceleration of charges causes re-radiation of EM waves 

in various directions.

Bohren & Huffman 1983
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define x = 2πa/λ  where a is the size of the object

x ≪ 1: Rayleigh scattering 
x ~ 1: Mie scattering 
x ≫ 1: Geometric scattering

can’t treat entire grain as on dipole once λ~a,   
e.g., when x ~ 1 - need Mie Theory

Scattering & Absorption of 
Light by Small Particles
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x ~ 1: Mie scattering 
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can’t treat entire grain as on dipole once λ~a,   
e.g., when x ~ 1 - need Mie Theory

treat scatterers as dipoles

geometric optics, 
reflection, refraction, etc

Scattering & Absorption of 
Light by Small Particles
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define x = 2πa/λ  where a is the size of the object

x ≪ 1: Rayleigh scattering 
x ~ 1: Mie scattering 
x ≫ 1: Geometric scattering

can’t treat entire grain as on dipole once λ~a,   
e.g., when x ~ 1 - need Mie Theory

treat scatterers as dipoles

geometric optics, 
reflection, refraction, etc

the hard stuff in between

Scattering & Absorption of 
Light by Small Particles



© Karin Sandstrom, UC San Diego - Do not distribute without permission

plot from L. Lelli WS2014 slides

Scattering & Absorption of 
Light by Small Particles
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plot from L. Lelli WS2014 slides

Scattering & Absorption of 
Light by Small Particles
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plot from L. Lelli WS2014 slides

interstellar dust 
interaction with 

optical light is firmly 
in Mie scattering

Scattering & Absorption of 
Light by Small Particles
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Dust grain

plane EM wave 
E = E0 eik∙r - iωt

Scattering  & absorption 
result from interaction of grain 

material with oscillating E & B field

when wavelength of light is < mm 
magnetic permeability = 1 

can ignore magnetic field interaction

key reference: Bohren & Huffman textbook 

Scattering & Absorption of 
Light by Small Particles
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Dust grain

plane EM wave 
E = E0 eik∙r - iωt

Scattering  & absorption 
result from interaction of grain 

material with oscillating E & B field

response of material to E field 
set by dielectric function

key reference: Bohren & Huffman textbook 

related to index of refraction

Scattering & Absorption of 
Light by Small Particles
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Index of Refraction

From C. P. Dullemond lectures 
on radiative transfer

Complex number, 
wavelength dependent.
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Index of Refraction

From C. P. Dullemond lectures 
on radiative transfer

Complex number, 
wavelength dependent.
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Define:

Geometrical Cross Section: πa2

Absorption Cross Section: Cabs(λ)

Scattering Cross Section: Csca(λ)

Extinction Cross Section: Cext(λ) = Cabs(λ) + Csca(λ)

Scattering & Absorption of 
Light by Small Particles
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Define:

Geometrical Cross Section: πa2

Scattering & Absorption Efficiency Factors

Qabs = Cabs/πa2 Qsca = Csca/πa2

Scattering & Absorption of 
Light by Small Particles
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Albedo = Csca/Cext 

Scattering Definitions:θ

Scattering & Absorption of 
Light by Small Particles
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Albedo = Csca/Cext 

Differential scattering angle

Scattering Definitions:θ

Scattering & Absorption of 
Light by Small Particles
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Albedo = Csca/Cext 

Differential scattering angle

Scattering asymmetry 
factor

Scattering Definitions:θ

Scattering & Absorption of 
Light by Small Particles
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Albedo = Csca/Cext 

Differential scattering angle

Scattering asymmetry 
factor

Scattering Definitions:θ

• Isotropic scattering 〈cosθ〉= 0 

• Forward scattering 〈cosθ〉= 1 

• Back scattering 〈cosθ〉= -1

Scattering & Absorption of 
Light by Small Particles
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a/λ - grain size relative to wavelength of light 
defines different regimes 

Scattering & Absorption of 
Light by Small Particles
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a/λ << 1  grain much smaller than wavelength - analytic soln’s

for fixed a

←λ ←λ
for fixed a

Scattering & Absorption of 
Light by Small Particles
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a/λ ~ 1  use Mie theory

for fixed a

←λ ←λ
for fixed a

Scattering & Absorption of 
Light by Small Particles
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for fixed a

←λ

note that  
at long wavelength:

€ 

σ abs =Qabsπa
2 ∝ a3 ∝mdustCabs

absorption efficiency when  
a >> λ  

levels off to 1, Cabs = πa2 

Absorption

Scattering & Absorption of 
Light by Small Particles
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←λ
for fixed a

scattering efficiency drops 
steeply with wavelength 

when a/λ << 1

Rayleigh scattering λ-4 

Scattering

Scattering & Absorption of 
Light by Small Particles
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Reflection Nebula vdB1 
Image Credit & Copyright: Adam Block,  
Mt. Lemmon SkyCenter, University of Arizona
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Maximum Qext 
occurs where 

λ~a

←λ
for fixed a

i.e. dust grains 
are most effective 
at blocking light 
with wavelengths 

close to their 
sizes

Scattering & Absorption of 
Light by Small Particles
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when a>>λ 
Qext ~ 2 

i.e. twice the  
geometrical  

cross sec 

b.c. diffraction!!

←λ
for fixed a

Scattering & Absorption of 
Light by Small Particles
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Scattering & Absorption of 
Light by Small Particles
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Astronomical Dust
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Astronomical Dust
Need 

different 
calculation 
for x-rays
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Astronomical Dust

Qext for astronomical dust analogs
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Extinction Curve
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h ←λ 0.1 µm1 µm

This does not 
look like the 

Qext plots from 
before - why?
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Extinction Curve
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h ←λ 0.1 µm1 µm

This does not 
look like the 

Qext plots from 
before - why?

There is a range 
of grain sizes!


