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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

Wemgartner et al. (2006)
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For small grains and
<« energetic photons,
more than 1 electron
can be ejected.

PE yield for uncharged
carbonaceous
grains of various sizes
for different absorbed
photon energies.

104



Photoelectric Heating

Grains are charged in the ISM!

Competition between:
depends on:

eoativel electron density,
collisions & sticking of electrons temperature,
charges grain

grain size, charge,
"sticking” coeft

&

depends on:

: . : ositivel hoton density,
photoelectric ejection of electrons hor )
charges grain| grain size, charge,
PE yield
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Grain Charge

T=100K, MMP83 ISRF

carbonaceous, ny=30 cm 3, x,=0. 001
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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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10

12175 A bump:

|- strong

1- central A fixed

|- width varies a bit

|- widespread in the MW
1- 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.



Dust Composition

Spectroscopic features in absorption

7 Silicate bending/
1 stretching modes at 9.7
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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

I I I I I I I | I I I | I
<000 |- v 62 [SO spectrum of NGC7023 -
I (D. Cesarsky et al. 1996) POlyCyChC
Aromatic
1500 - 1 Hydrocarbons
~ 6~|25 (probably)
¢
m =
21000 |- -
= i
500 - ‘ —
:/J} C skel
mono duo trio quartet
0 o | inl—plelmeIC—lH blenc} Iou’lc—olf—pllantla C._H Ibenld |

6 8 10 12 14

© Karin Sandstrom, UC San Diego - Do not distribute without permission A (Il'l'm)



Dust Composition
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POLYCYCLIC AROMATIC HYDROCARBONS AND THE UNIDENTIFIED INFRARED
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Dust Composition
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Depletions
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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, accepred 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

Online-only material: machine-readable tables



Depletions
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Jenkins 2009:

compiled depletion measurements for
17 elements on ~250 lines-of-sight
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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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Next Up: ISM Phases

e Partl: "ISM Phases”
« Part Il: Neutral Gas Heating & Cooling

e Part lll: Neutral Gas Observations



What are “ISM Phases”?

Characteristic states of gas in a galaxy:
detfined by ionization, chemical, density, temperature state

Possibly the result of some sort of equilibrium:
pressure, chemical, thermal, etc
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What are “ISM Phases”?

Characteristic states of gas in a galaxy:
detfined by ionization, chemical, density, temperature state

Possibly the result of some sort of equilibrium:
pressure, chemical, thermal, etc

Questions:

- What are the dominant processes that set these phases
and how do they change from galaxy to galaxy?

- To what degree is the ic

ea of “phases” an accurate

representation of the ISM?
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Phases in the Milky Way

\Egls T (K) lonization frac of volume density (cm3) P ~nT (cm-= K)

hot |_on|zed 5(7 4000
medium

ionized gas (HIl & 4 N 104 _ 108
WIM) 10 H 0.1 0.2-10 2000 - 10
warm neutral 5000 Ho 0.4 0.6 3000
medium

cold_neutral 100 HO 0.0 30 3000
medium

diffuse molecular 50 Ho 0.001 100 5000

dense molecular 10-50 Ho 104 102-106 10° - 107
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Phases in the Milky Way

\Egls T (K) lonization frac of volume density (cm3) P ~nT (cm-= K)

hot ionized

) 0.004
medium

4000

ionized gas (HIl & i s 104 108
WIM) 10 H 0.1 0.2-10 2000-10
warm neutral 5000 Ho 0.4 0.6
medium
cold neutral
. 100 HO 0.01 30
medium
diffuse molecular 50 Ho 0.001 100
dense molecular 10-50 Ho 104 103-106 10° - 107

Pressure equilibrium
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What we are going to do next:

Understand what sets the properties of
various ISM phases:

Neutral gas
Molecular gas

lonized gas



Neutral Gas

~60% of gas in MW is in “HI regions”

where hydrogen is atomic (not ionized, not molecular)

eating: Cooling:

Cosmic Ray lonization

D
D

D

S

MHD phenomena

* Collisionally excited
fine structure lines

* Lyman a at T>10% K

* recombination of e-

hotoionization of H & He
hotoionization of metals
nhotoelectric effect from dust

nocks, turbulent dissipation,
and grains
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heating rate
r S ~ NH XH Neoll Veoll O Y(E)
per volume

eating:

* Cosmic Ray lonization

* Photoionization of H & He

 Photoionization of metals

* Photoelectric effect from dust

» Shocks, turbulent dissipation,
MHD phenomena
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r heating rate
per volume

NH X|-|

Ncoll Veoll O Y(E)

density of whatever

is being ionized

Xy = abundance

relative to H

eating:

Cosmic Ray lonization
Photoionization of H & He
Photoionization of metals

MHD phenomena
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Photoelectric effect from dust
Shocks, turbulent dissipation,



r heating rate
per volume

INteraction rate

NH ><H Neoll Veoll O

density of whatever

is being ionized

Xy = abundance

relative to H

eating:

Cosmic Ray lonization
Photoionization of H & He
Photoionization of metals

MHD phenomena

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

Photoelectric effect from dust
Shocks, turbulent dissipation,

Y(E)



INteraction rate

heating rate
r ~|NH XH Ncoll Veoll O Y(E)
per volume
density of whatever energy yield
is being ionized per interaction

Xy = abundance

relative to H

eating:

Cosmic Ray lonization
Photoionization of H & He
Photoionization of metals

MHD phenomena
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Photoelectric effect from dust
Shocks, turbulent dissipation,



INteraction rate

heating rate
r ~|NH XH Ncoll Veoll O Y(E)
per volume
density of whatever energy yield
is being ionized per interaction

Xu = abundance * Integrate this over the

relative to H distribution of collider
energies

eating:

* Cosmic Ray lonization

* Photoionization of H & He

 Photoionization of metals

* Photoelectric effect from dust

» Shocks, turbulent dissipation,
MHD phenomena
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INteraction rate

heating rate
r ~|NH XH Ncoll Veoll O Y(E)
per volume
density of whatever energy yield
is being ionized per interaction

Xu = abundance * Integrate this over the

relative to H distribution of collider
] \ energies
eating:
* Cosmic Ray lonization « H&He
e Photoionization of H & He e H&He
 Photoionization of metals « C,0O, Ne, Mg, Si(IP < 13.6 V)
e Photoelectric effect from dust e Dust
» Shocks, turbulent dissipation,

MHD phenomena
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INteraction rate

heating rate
r ~|NH XH Ncoll Veoll O Y(E)
per volume
density of whatever energy yield
is being ionized per interaction

Xu = abundance * Integrate this over the

relative to H distribution of collider
energies

eating:

* Cosmic Ray lonization

* Photoionization of H & He

 Photoionization of metals

* Photoelectric effect from dust

» Shocks, turbulent dissipation,
MHD phenomena
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INteraction rate

Y(E)

r heating rate
per volume

~n|-|X|-|

Neoll Veoll O

——

density of whatever energy yield

is being ionized per interaction

Xu = abundance * Integrate this over the

relative to H distribution of collider
. energies
eating: ¢
* Cosmic Ray lonization e Tcr
 Photoionization of H & He e (uy,/hv) c oy nHe(E)
e Photoionization of metals e (uy,/hv) c oz(E)
e Photoelectric effect from dust e (u,/hv) ¢ <Qgps+> Ta?
» Shocks, turbulent dissipation, (integrate over a)

MHD phenomena
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INteraction rate

heating rate
r ~INH XH INcoll Veoll O Y(E)
per volume
density of whatever |  €nergy yield

is being ionized per interaction

Xu = abundance * Integrate this over the

relative to H distribution of collider
. energies
eating: $
* Cosmic Ray lonization e Tcr
 Photoionization of H & He e (uy,/hv) c oy nHe(E)
e Photoionization of metals e (uy,/hv) c oz(E)
e Photoelectric effect from dust e (u,/hv) ¢ <Qgps+> Ta?
» Shocks, turbulent dissipation, (integrate over a)

MHD phenomena
Depend on CR flux and

radiation field strength.
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INteraction rate

heating rate
r ~|NH XH Ncoll Veoll O Y(E)
per volume
density of whatever energy yield
is being ionized per interaction

Xu = abundance * Integrate this over the

relative to H distribution of collider
energies

eating:

* Cosmic Ray lonization

* Photoionization of H & He

 Photoionization of metals

* Photoelectric effect from dust

» Shocks, turbulent dissipation,
MHD phenomena
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INteraction rate

heating rate
r ~|NH XH Ncoll Veoll O Y(E)
per volume
density of whatever energy yield
is being ionized per interaction

Xu = abundance * Integrate this over the

relative to H distribution of collider
energies

eating:

* Cosmic Ray lonization
 Photoionization of H & He

 Photoionization of metals | |
. Photoelectric effect from dust  ©f collider & “work function

Depends on ionization state
of gas, energy

» Shocks, turbulent dissipation,
MHD phenomena
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INteraction rate

heating rate
r ~|NH XH Ncoll Veoll O Y(E)
per volume
density of whatever energy yield

is being ionized
Xy = abundance
relative to H

eating:

Cosmic Ray lonization

D

D

D

S

hotoionization of H & He
hotoionization of metals
nhotoelectric effect from dust

nocks, turbulent dissipation,

MHD phenomena
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per interaction

energies

Common theme:
INteraction rate Is set
external radiation fie

or cosmic ray flux so.

r~ﬂ|-|CE

* Integrate this over the
distribution of collider

QY

d



cooling rate
N\ ~ nc nx k1o E1o
per volume

In the case where n. >> nq, i.e. every collision leads to radiative transition.

where n. = collider density
nx = collisionally excited species density
k1o = collisional rate coefficient Cooling:
E1o = energy difference of levels

* Collisionally excited
fine structure lines

* Lyman a at T>10% K

* recombination of e-
and grains
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cooling rate
N\ ~ nc nx k1o E1o
per volume

In the case where n. >> nq, i.e. every collision leads to radiative transition.

where n. = collider density
nx = collisionally excited species density
k1o = collisional rate coefficient Cooling:
E1o = energy difference of levels

* Collisionally excited

Recall “collision strength” Q fine structure lines
b — h? 1 Qu * Lyman a at T>104K
o (2rm)¥? (ET)3? g, * recombination of e-
and grains

separates gas temperature from
atomic properties
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cooling rate
N\ ~ nc nx k1o E1o
per volume

In the case where n. >> nq, i.e. every collision leads to radiative transition.

note that different colliders have different k values

Important point: Cooling:
cooling rate ~ n?
* Collisionally excited
fine structure lines

A ~ n? A\(T) const

* Lyman xatT>10%K
/ \ * recombination of e-
function of quantum and grains

gas temperature mechanics
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