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

e Part |: Dust Heating & Cooling continued
e Part lll: Dust Emission & Photoelectric Heating
» Part Il: Dust Composition

e 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

e Thermal emission from grains «
* Microwave emission from spinning small

grains
* Depletion of elements from the gas relative R

to expected abundance

* Presolar grains in meteorites or ISM grains
from Stardust mission (7 grains!)
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Dust Thermal Balance

Steady State emission = absorption.

(i—?)a = (Qabs) .. Ta® Uy, ¢

dE
(E) — 47a? (Qabs) T oT?

T ~ 22.3(a/0.1um) V/4OUYS K carbon

T =~ 16.4(a/O.l,um)1/15U1/6K silicate




Dust Thermal Balance
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Dust Thermal Balance
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Dust Thermal Balance

While it is unlikely to find a small grain at
very high temperatures, most energy is emitted therel!

dE
(E) m— 47Ta2 <QabS>T UT4

<Qabs>T ~ 1.3 x 107°T" silicate

dE/dt ~ T6

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



Dust Thermal Balance

s collisional heating important?

dFE
absorption - = (Qabs) .. ra® u, ¢
dt ) ...

dF
collisions (—) =  ngma®(vy)2kT o
0

dt \

. .. . factor ~unit
Assuming collisions with H d
for energy transfer from

and dust grain is not charged. collider to grain
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Dust Thermal Balance

s collisional heating important?

(:dE//dtj)col 3.8 X 10_6 (Y ( Ny ) ( T )3/2

(dE/dt)abs - U (Qabs) . 30cm 3 .1()2 K

radiation field strength
normalized to MW average ISRF

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

s collisional heating important?

More generally:

it grain and/or collider

density of colliders is charged, Coulomb focusing factor

(dE/dt)Con - QTL]CT /
(dE/dt)abs N U <Qabs>

thermal pressure (thermal energy density) . |
relative to starlight energy density relative to speed of light

velocity of colliders
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Dust Thermal Balance

s 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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Tq(K)

Dust Thermal Balance

Collisional heating in hot, dense plasmas
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Dust Emission
Emissivity
lerg/s/cm3/Hz/sr]

integral over
grain size distribution

l/ da dni /(IT ( ) Dabs(Vii,a) ma* By, (T)

energy/time/

integ " integral over
temperature probability

distribution function |
compositions for grain of size a of size a and

and composition i composition |

sum over solid angle/freq

different grain emitted by a grain
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Dust Emission
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500

For grains that are

arge enough,

dP/dT is ~delta
function

& Q,ps Is smooth

and

orop to A2,

A|SO ng 1S
~independent of
grain size.
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Dust Emission

For “equilibrium®” grain emission

:Z/du il /(]T( ) Qabs(v3i,a) ma’ By, (T)

na’ Cla s A2 B (T
delta functlon at Tss —abs,0 w(Tss)

can go outside integral
over size distribution

End up with: 7, = function that depends on grain pop x B(Tss)
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Dust Emission
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Change of units: from Gordon et al. 2014

S)\ — Surfa ce brightﬂeSS In general, the surface brightness of dust with temperature,
Td, 18
(typical unit: MJy/sr or Jy/arsec?) S, = 7, By(Ty) (1)
= Nama® Q1. By (1) (2)
D ~
“"Modified Blackbody” =, A ) ©)
% s

= = na’Q, By(Ty) (4)

Only works for i

of o . . . — 3

equilibrium emission! = Jap OB .
= K324 B, (6)

where 1 18 the dust optical depth, N; 18 the dust column density,
a 1s the grain radius, @, 1s the dust emissivity, B, 1s the Planck
function, X; is the dust surface mass density, m,; is the mass

S of a single dust grain, p is the grain density, k; is the grain
K eff. 160 —A absorption cross section per unit mass. These equations can be
K P— ’ )\, eff evaluated in standards units (e.g., cgs or MKS). We found it
1 60— Befr convenient Lo express Xy in Mg pe 2, k; incm? g !, and B; and
S;. in MJy sr~! and then Equation (6) is
S, = (2.0891 x 10 *)i; X, B;. (7)
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Aia/U, (erg s~ sr-!/H)

Ay/U, (erg st sr!/H)

. Qpan=4.6% - Draine & Li 2007
“ dust model

{ As strength of radiation
1 field increases, Tqss goes

I / up like U7,
s j

1 This part of the spectrum

is well-described by
“modified blackbody”

<
3

<
3




Ajy/U_ (ergs~!sr-!/H)

Aj,/U_(ergs-!sr-!/H)

<
3

<
3

Draine & Li 2007
dust model

1Stochastically Heated Dust:

ntensity of radiation

field doesn’t change

shape of spectrum
and j,xU

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



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
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Photoelectric Heating

Weingartner et al. (2006)
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Photoelectric Heating

Grains are charged in the ISM!

Competition between:
depends on:

, electron density,
negatively

collisions & sticking of electrons temperature,

charges grain o
grain size, charge,

“sticking” coeft

&

depends on:
positively photon density,
charges grain  grain size, charge,
PE yield

photoelectric ejection of electrons
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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



Dust Composition

The problem with spectroscopic teatures:

for macroscopic particles:
absorption & emission is mostly continuous and
any features there are broad
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Dust Composition

Spectroscopic features in absorption
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6
At (um™t)

10

12175 A bump:

|- strong

1- central A fixed

|- width varies a bit

|- widespread in the MW
1- rare at low metallicity!



Dust Composition

Steglich et al. 2010

0.14 ' HPLC extract: 7-20 min N
| : laser evaporated (0.24 mJ/mm?) |
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C . - ° °
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Dust Composition

Spectroscopic features in absorption
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Silicate bending/
stretching modes at 9.7
and 18 pm.

Smooth protile =
amorphous silicate



Silicate Absorption in a protostar in Orion

Poteet et al 2011
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Dust Composition

Spectroscopic features in absorption

Two bands
identified
with Cgo"

Campbell et al. 2015

> 400 near-IR to near-UV absorption features

Discovered in 1922, vast majority unidentitfied.
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Dust Composition

Spectroscopic teatures in emission
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POLYCYCLIC AROMATIC HYDROCARBONS AND THE UNIDENTIFIED INFRARED
EMISSION BANDS: AUTO EXHAUST ALONG THE MILKY WAY!
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Dust Composition
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Depletions
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A UNIFIED REPRESENTATION OF GAS-PHASE ELEMENT DEPLETIONS IN THE INTERSTELLAR MEDIUM*

EDWARD B. JENKINS
Princeton University Observatory, Princeton, NJ 08544-1001, USA; ebj@astro.princeton.edu
Received 2009 February 23, acceptred 2009 June 1; published 2009 July 13

ABSTRACT

A study of gas-phase element abundances reported in the literature for 17 different elements sampled over
243 sight lines in the local part of our Galaxy reveals that the depletions into solid form (dust grains) are
extremely well characterized by trends that employ only three kinds of parameters. One is an index that describes
the overall level of depletion applicable to the gas in any particular sight line, and the other two represent
linear coefficients that describe how to derive each element’s depletion from this sight-line parameter. The
information from this study reveals the relative proportions of different elements that are incorporated into dust
at different stages of grain growth. An extremely simple scheme is proposed for deriving the dust contents and
metallicities of absorption-line systems that are seen in the spectra of distant quasars or the optical afterglows
of gamma-ray bursts. Contrary to presently accepted thinking, the elements sulfur and krypton appear to show
measurable changes in their depletions as the general levels of depletions of other elements increase, although
more data are needed to ascertain whether or not these findings are truly compelling. Nitrogen appears to
show no such increase. The incorporation of oxygen into solid form in the densest gas regions far exceeds
the amounts that can take the form of silicates or metallic oxides; this conclusion is based on differential
measurements of depletion and thus is unaffected by uncertainties in the solar abundance reference scale.

Key words: ISM: abundances — ISM: atoms — ultraviolet: ISM
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Depletions
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Dust Composition
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Dust Composition
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The observation that F+ depends on density and H; fraction
shows us that grains evolve in the ISM.
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Dust iIs Awesome.
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