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Outline

e UV/optical extinction curves in the Local Group
e UV/optical attenuation curves in galaxies
e |R/submm emission

e Briefly mention ancillary observations
- Metals, HI, CO, etc.

e Major understanding of dust in galaxies comes from Local
Group/Universe work
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Screen Geometry

Observer

Dust Absorption Dust Scattering
and Re-emission

F) =F_ e ™ 1(A) = optical depth

e Wavelength dependence of dust attenuation is
determined only by the physical parameters of the dust
grains



How to make an Extinction Curve

hd283809/hd64802 [B3V/B2V, E(B—V)=1.61]

Extinction Curve

---- CCM (R = 3.55 + 0.04
Kext Fit
Kext Fit Components

Take the ratio = extinction curve
3) (good when the spectral lines
cancel)

Find another star with the same

2) spectral type = same physics
(temperture and gravity) but is not
affected by dust.
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Start with a star which is affected by
1) dust (fainter and redder than
expected)

F(A)
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Far-UV R(V) Dependent Relationship
with FUSE
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Gordon, Cartledge, & Clayton (2009, ApJ, submitted)



Small Magellanic Cloud Extinction Curves

4 similar curves are found in
the star forming bar of the SMC!

Gordon & Clayton (1998, ApJ, 500, 816)
Gordon et al. (2003, ApJ, 594, 279) Ha image of the SMC



Local Group Extinction Curves

e Does the known extinction curves in the Milky Way, Large
Magelllanic Cloud, and Small Magellanic Cloud support
nearby star formation suppressing 2175 A bump?

e SMC? Yes.

- absent 2175 A bump in star forming Bar, strong 2175 A in Wing
« Gordon & Clayton, 1998, ApJ, 500, 816

e LMC? Yes.

- weaker 2175 A bump near LMC-2 supershell (in 30 Dor region)
* Misselt, Clayton, & Gordon 1999, ApJ, 515, 128

e MW? Yes.

- weak 2175 A along low density sightlines with evidence for processing

« Clayton, Gordon, & Wolff 2000, ApJS, 129, 147
- absent 2175 A bump once foreground subtracted from HD 204827

« Valencic, Clayton, & Gordon 2003, ApJ, 598, 369



SMC Bar
o LMC2 Supershell

- o - LMC Average
R MW (R, = 3.1)




Known UV Extinction Curves:
Continuum of Properties

SMC AzV 456

=
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Gordon et al. (2003, Apd, 594, 279)



Mixed $ attenuated
St ars =» re-emitted

& Dust

Observer's
Beam

= Sscattered
2 direct

e Observations in beam includes multiple stars attenuated by
differing amounts of dust and dust scattered starlight

e | east attenuated stars contribute the most light
e Scattered light included in the beam (reduces attenuation)

e Attenuation is now dependent on both the dust grain properties
and the geometry of the stars/dust



Empirical Starburst
Attenuation Curve
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leg(d) ()

Fus. 6. The obscuration curve derived from the stellar continuam fux den-
sities of the starburst galaxies in the sample. The vertical axis shows the
difference & (A — &' (2.2}, whers the K-band (2.2 gom) flux densities are the
selecied reference wvalpes. The honzonial axis i log A{aml. The filled
circles are from the BB — Vigpe fits; the filled toangles are from the
iR — I*'.':!:'p"l.:-:- fits, The | o uncerbaanties an= ||~.p:'|rh'.-:'__ The abscnration Curve
derived by CREWM 15 overlapped, with the V-band value arbitrarily chosen to
he ET0S5 =k (2. 2= 2 [comtineous line).

Starbursts = no 2175 A bump
Almost all known extinction curves
show a 2175 A bump.

Only SMC does not - but this is
usually attributed to metallicity

SMC Bar
~-a- LMC2 Supershell
-+ - LMC Average
—mem MW (R, = 3.1)

Calzetti et al. 1994, Apd, 429, 582 and Calzetti 1997, AJ, 113, 162




The DIRTY Model
DIRTY = Dustl Radiative Transfer, Yeah!

Il
Arbitray Geometries of

photon emitters (stars & gas)
and
photon scatterers and absorbers (dust)

and

Analytic Techniques for the Dust Emission
Il
Equilibrium heating (large grains)
Non-equilibrium (transient) heating (small grains)
Aromatic features (molecules - large PAHs?)

Gordon, Misselt, Witt, & Clayton (2001, Apd, 551, 269)
Misselt, Gordon, Clayton, & Wolff (2001, ApJ, 551, 277)
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Affects of dust now reddening trajectories
instead of . Dependent
on star/dust geometry, amount of dust,

Tott/TV,mt

and clumpiness of dust, instead of just




Calzetting Law Is
clumpy SHELL with (V) = 1.5 SMC Dust

dusty (h,smc) (7, =
dusty (c,smc) (1, = 1.
shell (h,smc) (1, =
shell {c,sme) (1, =
cloudy (h,smc) {7,
cloudy (c,smc) (7
Calzetti Law

Extinction Curve

-

-

Witt & Gordon ( 2000)



Dust in Starburst Galaxies
z=0-2
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redshift galaxies
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Fig.3. The UV-bump indicator ys;s versus the UV redden-
ing measure S, for the GMASS (filled squares), FDF (open
lozenges), and K20 galaxies (open circles) at 1.5 < z < 2.5,
and a comparison sample of 24 local starburst galaxies (crosses; —
see [NPUS). The diagram also shows different dust attenuation Fardengtn [4]
models (see legend) for a Maraston (2003) model with Salpeter - _ X
IMF. contimious SF. an age of 100 Myr, and solar metallicity. Fig. 7. Best Lorentzian fits of the bump component of the av-
. i .= e : ey - erage extinction curves of the three GMASS subzamples at
The symbols are plotted in intervals of AEg_r = 0.1. A Maraston 15 < 2 < 2.5 (2~ c) and a subsample of FOF and K20 salaxies at
model with a SF e-folding time of 3 Gyr and an age of 3 Gyr 10 ST '1"q" o/ ERG A eaED - S
i - - = o 0 <z < L5 with y3g < =2 (d). Moreover, the average 2175 A
would produce intrinsically redder confinwa and, thus, would bump of 2 sample of measurements in the LMC 2 supershell re-
slightly shift the plotted model curves by 0.20 to the right and gion close to 30 Dor showing low ¥ 1s presented (g). More details
by 0.08 to the top. about the samples and the fits can be found in Tabla[J]

Noll, Pierini, et al. 2009, A&A, 499, 69




Gravitational
Lensed QSOs

Gravitational lens
SBS 0909+532 z = 0.83
QSO at z= 1.38

(Difference between two

frame. Open squares: B, V, R, and [ br i vations (Koc ek . .

et al. I'_I"_I'I'.-': L::I-u'u' et al. 2000). Solid line: Bes age extinction curves,

MW extinction law to the observed extinction curve ( filled squares) for a MCGough et al. 2005, ApJ, 624, 1 18)
fixed z =083 The values Ry =2.1+09 and differential extinction

E(B—V) = 0.21 £0.02 were obtained in the fit. Filled triangles: mg — my

diff ses computed from the emission in the Mg o and C mn ines. Dashed

line: Best fit for R 3.1

Motta et al. 2002, Apd, 574, 719
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Fic. 1.— The flux-calibrated spectrum of the GRB 070802 after-

glow vs. observed wavelength. Metal lines at the host redshift are
marked with solid lines whereas the lines from the two intervening
systems are marked with dotted lines. The broad depression cen-
tered around 7500 A is caused by the 2175 A extinction bump in
the host system at z,1,s = 2.4549. The cleaned spectrum used for
the extinction curve analysis in §[3]is overplotted in red. Tellurie
features are indicated with &

Eliasdottir et al. 2009, Apd, 697, 1725
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Extragalactic DIBs
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Flux,/ Models

LMC/SMC DIBs

show variations similar
and correlated with

UV properties

(Cox et al. 2006, 2007)
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What are the Aromatic
Features?

e Emission features seen in
many dusty astrophysical
objects

e Main features at 3.3, 6.2,
7.7,8.6,11.3, 17.0 um

e Spectrum of NGC 7023 -
bright reflection nebula
often observed for dust.
emission |

IRS-SL + IRS-LL
Position A: 40" W 36" N

Jy (Normalized

5 10 15 20 25 30
Wavelength (microns)

NGC 7023, IRS-SH
Position B:
0"WZ29"N

i
I

A A7 Vo)

8 10 12 14 16 18 20
Wavelength (microns)

Werner, M. et al. 2004, ApJS, 154, 309

Jy (Normalized
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PAH Structures

Pericondensed Catacondensed

Polycyclic
Aromatic
Hydrocarbons

Orion (ISO)

Lab. Data

UG0S Y

78 9 10
Wavelength (pm)

Figure 5. A comparison of a simple visual fit consisting of the coad-
ded spectra of 11 neutral and ionized PAHs to the IR emission spectrum
of the Orion ionization ridge (trace a). The model illustrates that the
concerted emission of mixtures of neutral and ionized PAH species can
accommodate all the salient features of the interstellar spectrum. The
composition of the model spectrum and the details of the modeling
procedure can be found elsewhere (Allamandola, Hudgins, & Sandford
1999; Peeters et al. 2002). The Orion spectrum was measured by the
ISO SWS instrument and is adapted from Peeters et al. (2002).
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Hudgins, D. M. & Allamandola, L. J.
Astrophysics of Dust,

ASP Conference Series, Vol. 309,
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Clayton and Bruce T. Draine., 665




M101 & Starburst Galaxies with Spitzer/IRS

e M101

Observed in cluster mode with
small spectral maps

Reduced using CUBISM (JD Smith)
All 6 IRS low-res orders merged

Expanding aperture used for
extraction

Aromatic/PAH Features

Atomic Lines
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e Starbursts

Observed with simple staring
observations

Reduced using SPICE and IRAF

All 4 main IRS low-res orders
merged

Full slit extraction

-
Silicate Absorption



M101 HIl Region
and Starburst 5 1.00¢
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Magellanic Clouds

e |[nternal varations in gas-to-dust ratio by approx. a factor of 2
- From the UV, N(HI)/A(V), Gordon et al. 2003
- From the IR/radio in the LMC, Bernard et al. 2008

e |s lower than expected in the SMC based on metallicty
- Metallicity 5x lower, IR/radio dust-to-gas ratio 12x lower (Body and Tail)
- Bot et al. 2004, Gordon et al. 2009

e Local variations in gas-to-dust ratio tracking processing?

- Tentative evidence from UV, Gordon et al. 2003



Dust Temp (from 70/160 ratlo)
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MIPS/GTO observations (1 scan map); Gordon et al. 2006, ApJ, 638, L87 [later extended to 5°x1°]



M33

Dust Temp (from 70/160 ratio)
Dust Mass 15 to 28 K (sqrt stretch)
1x10° to 1.5x10"" M__ /sr

1°x1.2°: 40" = 163 pc

GTO observations (4 scan maps); Tabatabaei et al. 2007, A&A, 466, 509



The Spitzer Infrared Nearby Galaxies Survey (SINGS) Hubble Tuning-Fork
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Summary

e From UV and IR, a small grain/molecule component of dust is
processed by massive star formation

- Quiesent - processed dust

e Metallicity is important for the of dust, but not the

e Dust found in the Local Group is consistent with dust found In
all other galaxies

e I[mplication is that dust formation/processing is a
phenomenon

e Observations that probe active star formation regions will
see a weak/absent 2175 A bump and weak/absent aromatic
features

e Observations that probe quiesent regions will see a strong
2175 A bump and aromatic features



Questions?

e What about molecular cloud dust?
- UV extinction hard to measure (Whittet et al. » no 2175 A bump)

- IR extinction different than diffuse

e Why doesn't metallicity play a role in the type of dust found?
- Different types of AGB stars are known to produce varying types of dust

- The ratio of these typse of AGB stars changes with metalicity

e |s there any evidence for dust beyond that found in the Local
Group (e.qg., MW, LMC, & SMC)?

- What about AGN? Just processed?
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