Physics 224
The Interstellar Medium
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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
e 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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How we learn about dust

 Extinction: wavelength dependence of how
dust blocks (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
to expected abundance

* Presolar grains in meteorites or ISM grains
from Stardust mission (7 grains!), Cassini
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Dust/Light
nteraction

First:
definitions

Then:
dust optical
properties



Extinction

wavelength dependent attenuation of
light by absorption and scattering

N 7
N

\ 
N 7

N
Basic method for measuring extinction:
"pair method” - two stars of the same type behind
differing amounts of dust
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Extinction

A

mag \
Extinction at / observed

wavelength A expected flux
flux w/o dust

FY/F\] =e™

A
A = 2.5logole™] = 1.0867)
mag,
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A\

Extinction

= 2.51og[F)/F)]

mag \
Extinction at / observed

wavelength A

A

expected flux
flux w/o dust

note: Ty includes both

[FO/F)\] — A absorption & scattering
]\ —

- = 2.51og;le™] = 1.0867)

mag



Extinction

A

mag \
Extinction at / observed

wavelength A expected flux
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”

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 A) and V band (5470 A)

intrinsic (B —V)o = 2.5logo[F/Fy]

observed (B —V)=2.5logy|F/Fyv
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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 A) and V band (5470 A)

intrinsic (B —V)o = 2.5logo[F/Fy]

observed (B —V)=2.5logy|F/Fyv

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.

. | ~ FR/FY
E(B/— V)= (B=V)o—(B=V)=25logyy | 527

"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.

. | ~ FR/FY
E(B/— V)= (B=V)o—(B-V)=25log,n | £

“color excess” .
) R rearrange this
or “reddening

E(B = V) =25logo[Fp/Fp] — 2.5log.[Fy/Fv] = Ap — Ay
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Selective Extinction Ry
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Selective Extinction Ry
Ay Ay

= Ay S BB V)

V)—Ay/E(B—-V). The quantity Ay /E(B—-V), i.e., the ratio of total extinction
to color excess in the optical region, is usually denoted Ry . If its value can be
determined for a line of sight, then the easily-measured normalized extinction
can be converted into total extinction.

It has been noted often that E(B—V) is a less-than-ideal normalization fac-
tor. Certainly a physically unambiguous quantity, such as the dust mass column
density, would be preferred, or even a measure of the total extinction at some
particular wavelength, such as Ay. However, the issue is simply measurability.
We have no model-independent ways to assess dust mass and total extinction
requires either that we have precise stellar distances or can measure the stellar
SEDs in the far-IR where extinction is negligible. While IR photometry is now
available for many stars through the 2MASS survey, the determination of total
extinction from these data still requires assumptions about the A-dependence of
extinction longward of 2um and can be compromised by emission or scattering

by dust grains near the stars. In this paper, all the observed extinction curves
will be presented in the standard form of E(A—V')/E(B — V). Only in the case

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

INCIDENT / SCATTERED
-
-
o /
-
P
-
’
——
CBSTACLE
2 o

Bohren & Huffman 1983
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Scattering & Absorption of
Light by Small Particles

define x = 2na/A where a is the size of the object

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

x « 1: Rayleigh scattering
x ~ 1: Mie scattering
x »> 1. Geometric scattering
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Scattering & Absorption of
Light by Small Particles

define x = 2na/A where a is the size of the object

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

treat scatterers as dipoles
X « 1: Rayleigh scattering —
x ~ 1: Mie scattering

x »> 1. Geometric scattering

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



Scattering & Absorption of
Light by Small Particles

define x = 2na/A where a is the size of the object

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

treat scatterers as dipoles
x « 1: Rayleigh scattering —

x ~ 1: Mie scattering

x »> 1. Geometric scattering
\ geometric optics,

reflection, refraction, etc
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Scattering & Absorption of
Light by Small Particles

define x = 2na/A where a is the size of the object

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

treat scatterers as dipoles
x « 1: Rayleigh scattering —
x ~ 1: Mie scattering » the hard stuft in between

x »> 1. Geometric scattering
\ geometric optics,

reflection, refraction, etc
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Scattering & Absorption of
Light by Small Particles
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Scattering & Absorption of
Light by Small Particles

ac >
EE 2
o
g £ S
o © o w;
- ) Q R s
S 5 Z ~— - —= % = =
T T .- T T
.5 ol
\C . )
1cm QQ" - Hail
& g
v Q°
1 mm} e°<° ’LQQ .-*"_| Raindrops
6 *{’ ',’
100 um (- ,"' ’6?’{\(9 - Drizzle
v -\ "’ ’,I
= 10 um | W e .-~ - Cloud droplets
ql) - ',’
o : 1?,0,)' G‘.\(\g Lo Dust,
= wm = - -
é - \\5@6 - ;moke,
. . - aze
0.1 um |- \;\e\q NN B
s " ° PAL 0O . .
. K (@(\ Aitken Nuclei
f“’ "” (lz
10nm = = . \6‘7 =
’ - . \
- N
1nm} e V\e’g -
,,"' Air Molecules
= 1 | | 1 1

0.1 um 1T um M0pwm 100um  1Tmm 1cm 10 cm

Wavelength plot from L. Lelli WS2014 slides

© Karin Sandstrom, UC San Diego - Do



Scattering & Absorption of
Light by Small Particles
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Scattering & Absorption of
Light by Small Particles

key reference: Bohren & Huffman textbook

Dust grain

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

plane EM wave ) = 2rc/w
E = Eg elkr-i%t
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Scattering & Absorption of
Light by Small Particles

key reference: Bohren & Huffman textbook

Dust grain

plane EM wave
E = Eg elkr-i%t
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Scattering & absorption
result from interaction of grain
material with oscillating E & B field

response of material to E field
set by dielectric function

e(w) = €1 + 1€

related to index of refraction

m = /e



Index of Refraction

Olivine (MgFeSiO,)
1 m) = n) - k(D)

3F F
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From C. P. Dullemond lectures
on radiative transfer
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Index of Refraction

Liquid Water
;-gg_ m(A) = n(A) — ik()
sb M
N ; Complex number,
0.5 1 wavelength dependent.
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on radiative transfer
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Scattering & Absorption of
Light by Small Particles

Define:

Geometrical Cross Section: ma?

Absorption Cross Section: Cyps(A)

Scattering Cross Section: Cgea(A)
Extinction Cross Section: Ceut(A) = Caps(A) + Coca(A)
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Scattering & Absorption of
Light by Small Particles

Define:

Geometrical Cross Section: ma?

Scattering & Absorption Efficiency Factors

Qabs = Cabs/r[az Qsca = C:sca/]_[az
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Scattering & Absorption of
Light by Small Particles

|7 Scattering Definitions:
Albedo = Cyca/ Cext
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Scattering & Absorption of
Light by Small Particles

|y Scattering Definitions:

Albedo = C.../Ceoxt

Differential scattering angle d("‘;}‘;m)
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Scattering & Absorption of
Light by Small Particles

|y Scattering Definitions:
Albedo = Cyca/ Cext

A
: : : dC...., (6
Differential scattering angle sca(0)
df
Scattering asymmetr . - (p
fg d y (cosl)) = Cl / COS ()dc ;((;(9) 27 sin Od0
aCtOr ‘sca JAO A4



Scattering & Absorption of
Light by Small Particles

|y Scattering Definitions:
Albedo = Cyca/ Cext

A
: : : dC.... (0
Differential scattering angle sca(0)
df?
Scattering asymmetr . (0
fg Y y (cos @) = Cl / COS ()dc M'((;('H) 271 sin Odl
aCtOr ‘sca J() 4

* |sotropic scattering {cosB) =0
* Forward scattering (cosB) =1

* Back scattering {cosB) = -1
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Scattering & Absorption of
Light by Small Pa

8
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a/\ - grain size relative to wavelength of light
defines different regimes
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Scattering & Absorption of
Light by Small Particles

for flxed a_ - for flxed a_

0.1 0.1F

. m=1.33+0.01i :
O'O%)Ol. II 01 o 1 - ”milO II ""'1'02 O'O%)Ol II I””dll - Ii - ”milO II ""'1'02

' ' 2mlm—1| a/A ' ' 2mlm—1| a/A

a/\ << 1 grain much smaller than wavelength - analytic soln’s

0 2ma e — 1 0 8 /27a\" e — 1]

bs = a =
s A € + 2 3 U €+ 2
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Scattering & Absorption of
Light by Small Particles

for flxed a_ for flxed a_
1} 1
o o
0.1 0.1 F
. m=1.33+0.01i |
OO o T T T e T T e W% T e T T e e
' ' 2mlm—1| a/\ ' ' 2mlm—1| a/\

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

for flxed a
A E Absorption
1 2 m=2+i /././ | 7 s s
| \ S e g note that
& | "/ ' at long wavelength:

2 3
Cabs = Qabsna xa < mdust

boi X B PR .= absorption efficiency when
a >> A\
levels off to 1, Cyps = Ma?
2ma e — 1
Qabs — 4—Im
A €+ 2
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Scattering & Absorption of
Light by Small Particles

Scattering

scattering efficiency drops

steeply with wavelength
when a/\ << 1

Rayleigh scattering A
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& y Reflection Nebula vdB’l .
Image Credit & Copyrlght cham Block
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Scattering & Absorption of

for fixe

L.lght by Small Partlcles
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Scattering & Absorption of
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. Light by Small Particles

when a>>A\
Qext ~ 2

i.e. twice the

geometrical
Cross sec

b.c. diffraction!!



Scattering & Absorption of
Light by Small Particles
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Astronomical Dust
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Astronomical Dust
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Astronomical
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Extinction Curve
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Extinction Curve
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This does not

look like the

Qext plots from
before - why?

There is a range
of grain sizes!



