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Physics 224 
The Interstellar Medium

Lecture #11: Dust Composition, Photoelectric Heating, 
Neutral Gas 
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Outline

• Part I: Dust Heating & Cooling continued 

• Part III: Dust Emission & Photoelectric Heating 

• Part II: Dust Composition 

• Part IV: Neutral Gas
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How we learn about dust
• Extinction: wavelength dependence of how 

dust attenuates (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!)

✓



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

Dust Thermal Balance
Steady State emission = absorption.

carbon

silicate
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Dust Thermal Balance
Not all grains are in 

steady state…

When: 
(dE/dt)cool << photon 

absorption rate 

and/or 

hν >> Ess

Need to consider non-
steady state1 day
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Dust Thermal Balance
Probability of  
finding grain 
with temp T 
in average 
MW ISRF.

PDF narrows 
with increasing 

size.
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Dust Thermal Balance
While it is unlikely to find a small grain at 

very high temperatures, most energy is emitted there!

silicate

dE/dt ~ T6
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Dust Thermal Balance
Is collisional heating important?

absorption

collisions α

factor ~unity 
for energy transfer from 

collider to grain

Assuming collisions with H 
and dust grain is not charged.
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Dust Thermal Balance
Is collisional heating important?

radiation field strength 
normalized to MW average ISRF

collisional heating important in dense and/or hot gas
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Dust Thermal Balance
Is collisional heating important?

More generally:

density of colliders
if grain and/or collider 

is charged, Coulomb focusing factor

velocity of colliders 
relative to speed of light

thermal pressure (thermal energy density) 
relative to starlight energy density
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Dust Thermal Balance
Is collisional heating important?

- in places where radiation energy density is very low, 
(e.g. cores of molecular clouds) 

- in places where thermal pressure is very high (e.g. 
hot plasma behind shock waves in SNe)
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Dust Thermal Balance
Collisional heating in hot, dense plasmas

Dwek 1987 Temperature of an 
0.1 µm graphite  

particle for various 
gas temperatures 

as a function of density
Td ~ 22 K  

for MW ISRF
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Dust Emission
Emissivity 

[erg/s/cm3/Hz/sr]

sum over 
different grain 
compositions

integral over  
temperature probability 

distribution function 
for grain of size a 
and composition i

integral over  
grain size distribution

energy/time/ 
solid angle/freq 

emitted by a grain 
of size a and 
composition i
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Dust Emission
For grains that are 

large enough, 
dP/dT is ~delta 

function 
& Qabs is smooth  
and prop to λ-2. 

Also TSS is 
~independent of 

grain size.
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←λ

At long wavelengths Qabs/a  ∝λ-2 i.e. Qabs  ∝aλ-2
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Dust Emission

can go outside integral 
over size distribution

πa3 Qabs,0 λ-2 Bν(TSS)

For “equilibrium” grain emission

delta function at TSS

End up with: function that depends on grain pop × Bν(TSS)
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Dust Emission
For grains that are 

large enough, 
dP/dT is ~delta 

function 
& Qabs is smooth  
and prop to λ-2. 

Also TSS is 
~independent of 

grain size.
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from Gordon et al. 2014Change of units: 
Sλ = surface brightness 

(typical unit: MJy/sr or Jy/arsec2)

“Modified Blackbody”

Only works for 
equilibrium emission!
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Draine & Li 2007 
dust model

As strength of radiation 
field increases, Td,ss goes 

up like U1/6.

This part of the spectrum 
is well-described by 

“modified blackbody”
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Draine & Li 2007 
dust model

Stochastically Heated Dust: 
Intensity of radiation 
field doesn’t change 
shape of spectrum 

and jν∝U

why: 
- temp of small grains depends 

on average photon energy 
which isn’t changing here (i.e. 
dP/dT doesn’t depend on U) 

- grains cool completely 
between photon absorptions
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Photoelectric Heating
Almost all photons absorbed by dust go to heating 

the grain, but a small fraction go to:

Luminescence = radiative transition in grain 
(fluorescence - prompt, phosphorescence - delayed)

Photoelectric Effect = ejecting electron from grain
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Photoelectric Heating

rate at which 
photoelectrons are 

ejected

nvσ

YPE (hν,a,Φ) 
function of photon energy, 

grain size, composition, grain charge
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Photoelectric Heating
For small grains and 
energetic photons, 

more than 1 electron  
can be ejected.

Weingartner et al. (2006)

PE yield for uncharged 
carbonaceous 

grains of various sizes 
for different absorbed  

photon energies.
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Photoelectric Heating
Grains are charged in the ISM!

Competition between:  

collisions & sticking of electrons 

& 

photoelectric ejection of electrons

negatively 
charges grain

positively 
charges grain

depends on: 
electron density, 

temperature, 
grain size, charge, 

“sticking” coeff

depends on: 
photon density, 

grain size, charge, 
PE yield
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Grain Charge
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What is dust made of?
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Dust Composition

• Spectroscopic features in absorption 

• Spectroscopic features in emission 

• Depletions of heavy elements from the gas
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Dust Composition
The problem with spectroscopic features:

for macroscopic particles:  
absorption & emission is mostly continuous and 

any features there are broad
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Dust Composition
Spectroscopic features in absorption

2175 Å bump: 
- strong 
- central λ fixed 
- width varies a bit 
- widespread in the MW 
- rare at low metallicity!
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Dust Composition

Mixtures of PAHs in the 
lab can reproduce 
similar shapes, from a 
transition in C-C bonds.

Steglich et al. 2010
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Dust Composition
Spectroscopic features in absorption

Silicate bending/
stretching modes at 9.7 
and 18 µm. 

Smooth profile = 
amorphous silicate
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Silicate Absorption in a protostar in Orion
Poteet et al 2011

Observed spectrum

Continuum normalized 
 spectrum

Amorphous 
silicate 

absorption

Ice Absorption

Crystalline 
Silicate 

Absorption
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Dust Composition
Spectroscopic features in absorption

> 400 near-IR to near-UV absorption features 
Discovered in 1922, vast majority unidentified.

Two bands  
identified  
with C60

+

Campbell et al. 2015
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Dust Composition
Spectroscopic features in emission

Polycyclic 
Aromatic 

Hydrocarbons 
(probably)
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Dust Composition
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Dust Composition
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Smith et al. 2007

5.5. The PAH Contribution to IRAC 8 !m and MIPS 24 !m

With the full spectral decomposition of continuum and dust
features, we can examine the fractional contribution of PAH
emission and stellar or thermal dust continuum to the broad
Spitzer bandpasses. We consider IRAC 8 !m at z ¼ 0 andMIPS
24 !m at z ¼ 2. These broad bands are commonly used as sur-
rogates for PAH strength in nearby and distant galaxy surveys
(e.g., Hogg et al. 2005; Papovich et al. 2006; Reddy et al. 2006).
Since IRAC 8 !m at low redshift and MIPS 24 !m at z " 2 en-
compass the 7.7 and 8.6 !m PAH bands, typically the strongest
(although see x 5.6), a common assumption is that broadband
photometry at these rest wavelengths serves as a direct proxy
for PAH emission, total infrared or bolometric luminosity, and,
potentially, star formation rate. For low-redshift sources, pre-

scriptions exist for removing the stellar contribution using the
3Y5 !m channels of IRAC (e.g., Helou et al. 2004). The rel-
atively isolated 24 !m band does not typically permit such
starlight removal (although the IRS peak-up blue channel at
16 !m could in principle serve this purpose).

Figure 12 highlights the large fractional contribution of PAH
feature emission to the uncorrected IRAC 8 !m band at z ¼ 0
and MIPS 24 !m band at z ¼ 2. The median contribution for
both is"0.7, with a small number of sample members (sources
dominated by stellar continuum) showing very little PAH contri-
bution. For over 75% of the sample, PAH emission contributes
more than one-half of the broadband 8 !m power. If the stellar
continuum is perfectly removed, the distribution shifts only
slightly to higher fractional PAH contribution.
The typical source in deep MIPS 24 !m surveys has total

infrared luminosity LTIR k 1011 L# (Papovich et al. 2006; Yan

Fig. 9.—Fractional PAH luminosity relative to the total PAH power for the main features identified in the spectra, against the integrated PAH contribution to the total
infrared luminosity from 3 to 1100 !m, in the same region. Blended complexes are marked by a double arrow in the legend; see Table 3.

Fig. 10.—Distribution of the integrated PAH luminosity relative to the total
infrared, LPAH/LTIR , for the entire sample, and individually for galaxies with
AGN and H ii /starburst classifications.

Fig. 11.—PAHYtoYMIPS 24 !m luminosity ratio vs. far-infrared color for the
four strongest PAH bands, in matched apertures.

SMITH ET AL.784 Vol. 656

10%

PAHs radiate ~10% of the 
infrared emission from 

~solar metallicity galaxies.
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Depletions
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depletion
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Depletions
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Depletions
Jenkins 2009: 

compiled depletion measurements for  
17 elements on ~250 lines-of-sight

Model for depletions includes: 
F* = parameterization of overall depletion 
[Xgas/H]0 = “baseline” or “initial” depetion 

AX = depletion rate for element X 
as a function of F*
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Depletions
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Dust Composition
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Dust Composition

The observation that F* depends on density and H2 fraction 
shows us that grains evolve in the ISM.
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Dust is Awesome.


