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What shapes galaxy SEDs?

 Stars
 Dust
 Gas

 Key papers
 Kennicutt 1998; Worthey 1994; Bell & de

Jong 2001; Condon 1992; Bell 2003; Calzetti
2001

 Osterbrock’s book…
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1/2-2/3 of all energy
comes out in IR

Both optical and IR have
Combination of  

~black body
+
narrower features
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Stars

 Stellar mass-
temperature-
luminosity-
lifetime relation
 High mass short

lived & luminous
 Low-mass long

lived & lower-
luminosity
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Mix of stellar spectra

 Flux = double integral
 Star formation /chemical

enrichment history
(getting from single
stellar populations with
ages and metallicities to
the composite SED)

 Over stellar initial mass
function
 From stellar spectra -->

stellar population
spectrum

 N dm ∝f(m)
 (m-2.35 Salpeter IMF)
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Worthey Worthey et al. 1994et al. 1994
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Distinctive / important
features
 4000 angstrom break
 1.6um bump (from a

minimum in H- opacity;
much of the opacity
from stars is from H-)…

 Most important
absorption lines
 Balmer lines, metal

lines

Sawicki Sawicki 20022002
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Dust - key concepts

 Absorption of UV/optical photons (1/2 to
2/3 of all energy absorbed + re-emitted)

 Grains re-emit energy

 Grain size distribution
 PAHs - various benzene-style modes (very

small, big molecules, band struc)
 Very small grains - transient heating
 Larger grains - eqm heating
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Spectrum Stolen from a talk by Brent GrovesStolen from a talk by Brent Groves
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Extinction

 Absorption and
scattering
 Thus, geometry

is critical

 Optically-thick
distributions
behave less
intuitively

Draine Draine 20032003

Forward scatteringForward scattering
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Extinction

 Extinction curve is variable, esp in FUV
 Argues shocks / radiation field from nearby

star formation - Gordon et al. 2003

Cartledge et al. 2005
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Attenuation vs. extinction

 Excinction curve = for a star, absorption
and scattering

 Attenuation curve = for a galaxy, a
complicated mix of absorption, scattering
and geometry
 See e.g., Witt & Gordon 2000 for a

discussion…
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Dust attenuation models

 Have to track properly
 Monte Carlo techniques (Karl Gordon, Roelof de Jong,

others)

 Charlot & Fall, Calzetti (2001)
 Attenuation(stars) ~  0.44 x attenuation(gas)
 Motivation - escaping birth cloud



Heidelberg
March-April 2008

Eric Bell

Simple toy model
consideration
 Optical depth ∝ gas surface density *

metallicity
 Motivation  -  dust/gas ∝ metallicity
 Total dust column ∝ gas column

Bell 2003Bell 2003
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Gas

 Continuum (bound-free and free-free)
 Synchrotron radio     flux ∝ freq-0.8

 Thermal bremsstrahlung from ionized gas (in
HII regions to first order)   flux ∝ freq-0.1

Condon 1992Condon 1992
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Emission lines
 Ionised gas

 Low-energy lines (<few keV) from SF
 Higher-excitation lines (>10 keV) collisions and AGN

Kewley Kewley et al. 2006et al. 2006
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Summary…
Near-infrared
dominated by 
long-lived stars

Ultraviolet 
direct light from young stars

Thermal infrared
dust-reprocessed light
from young stars
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The goal

 Transform observables
 Spectrum (spatial resolved, wavelength

coverage)
 Into physical parameters

 Horribly ill-posed inversion problem

 Must make critical assumptions
 This is where the art of the field is…
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Interpretation of spectra
and colors
 Critical assumption

 Universally-applicable stellar IMF
 In what follows choose Kroupa (2001) or

Chabrier (2003) IMF
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Colors

 Age / metallicity /
dust degeneracy

 Wide wavelength
range starts to help
break
degeneracies…
 Ongoing SF vs.

metallicity/age

Bell et al. 2003Bell et al. 2003
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The challenges
 The age-metallicity degeneracy:

 Young, metal-rich populations strongly resemble
old, metal-poor populations.

Age=6 Gyr ,[Fe/H]=0.2

Age=12Gyr,[Fe/H]=0.0

15 Gyr

1.0 Gyr

1.5 Gyr

[Fe/H]=-0.4

[Fe/H]=-2.25
2.0 Gyr

7 Gyr

Models: Bruzual & Charlot (2003)                      Models: Sanchez-Blazquez (Ph.D. thesis);
     Vazdekis et al. 2005  (in prep)
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Some discrimination …

Trager Trager 20002000
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Stellar masses
 Flipside of

age/met/dust
degeneracy

Bell & de Bell & de Jong Jong 20012001
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Effects of bursts
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Normalisation :
stellar IMF

 Normalisation
depends on stellar
IMF

 Salpeter IMF
 too much mass in

low-mass stars

 Chabrier / Kroupa
2001 OK…
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Stellar masses
 Assumption - universal IMF
 Methods

 SED fitting                       Spectrum fitting
 Comparison with dynamics: ~0.1 dex scatter

de de Jong Jong &&
Bell, 2002-Bell, 2002-

2009; in prep.2009; in prep.

ComparingComparing
M* for SDSSM* for SDSS

galaxiesgalaxiesSED-basedSED-based SED SED vsvs. spectrum. spectrum
Me Me vsvs. . PanterPanter

RecentRecent
burstsbursts

Introduction

Star formation in
disks

Transformation
of disks to early
types

Scaling relations

Summary and
Outlook
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Example stellar M/L calibns

Kroupa Kroupa / / Chabrier Chabrier -- actually-- actually  -0.1 -0.1 dex dex ((Borch Borch et al. 2006)et al. 2006)
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Gas
metallicities

Strong line methods - Strong line methods - 
R23 = (OII + OIII)R23 = (OII + OIII)/Hbeta/Hbeta

Using OIII 4363 to getUsing OIII 4363 to get  effective temperature,effective temperature,
electron density from OII,electron density from OII,  

then can solve for then can solve for metallicity metallicity using strong linesusing strong lines

Kewley Kewley & Ellison 2008& Ellison 2008
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Electron temperature

43634363

50075007 49594959

23212321

OIIIOIIIRatio of 4363Ratio of 4363  
to 4959+5007to 4959+5007
gives a measuregives a measure
of electron temperatureof electron temperature

4959+5007 / 4363 =4959+5007 / 4363 =  
7.73 e 7.73 e 33000/T33000/T / (1 + 0.00045  / (1 + 0.00045 NNee/sqrt/sqrt(T))(T))
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Gas conditions, continued

 Electron density (e.g., OII)…
 Two levels with almost same energy

difference but different angular momenta
and different radiative transition probabilities.

 At low Ne, every excitation has to de-excite
with a photon, so transition probabilities
don’t matter

 At high Ne, most de-excitations are from
collisions, so transition probabilities matter
very much indeed…
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Gas
metallicities

Strong line methods - Strong line methods - 
R23 = (OII + OIII)R23 = (OII + OIII)/Hbeta/Hbeta

Using OIII 4363 to getUsing OIII 4363 to get  effective temperature,effective temperature,
electron density from OII,electron density from OII,  

then can solve for then can solve for metallicity metallicity using strong linesusing strong lines

Kewley Kewley & Ellison 2008& Ellison 2008
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Star formation rates

 UV / reprocessed UV light (IR; can be
heated through light from older stars)

 Measuring number of free electrons
(ionising flux from v. hot stars)
 Recombination lines Halpha, Pa alpha, etc.
 Thermal radio flux

 Synchrotron (indirect; measures cosmic
ray density and mag. field strength)



Heidelberg
March-April 2008

Eric Bell

intercomparison
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Radio-FIR correlation



Heidelberg
March-April 2008

Eric Bell

Simple toy model
consideration
 Optical depth ∝ gas surface density *

metallicity
 Motivation  -  dust/gas ∝ metallicity
 Total dust column ∝ gas column

Bell 2003Bell 2003
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Linear radio-FIR correlation: a conspiracy
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Calibrations; Kroupa 2001
or Chabrier 2003 IMF
 SFR ~ 9.8d-11 * (IR + 2.2UV)  Bell+05
 SFR ~ 9.8d-11 * IR (1+sqrt[1d9/IR])

IR-only, Bell 03
 SFR_radio ~ pi d-22 * L_1.4GHz

[L> Lc = 6.4d21 W/Hz]
 SFR_radio ~ pi d-22 * L_1.4GHz /

(0.1+0.9*(L/Lc)^0.3)            [L<Lc]
 SFR_Ha = 5.3d-42 L_Ha (ergs/s)

Calzetti+07
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Summary
 Stars / dust / gas shape the SED

 Roughly 1/2 - 2/3 of all energy emitted by stars gets
reprocessed by dust into the IR

 Can be translated into physical parameters if
one makes assumptions
 Stellar IMF
 Star formation / chemical history

 Under these assumptions
 Masses to 30%
 SFRs to better than x2
 Metallicities to x2
 Ages hard; birthrates = SFR/(M*/thubble) easier
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Stuff to have added

 Steps in going from electron / star
number (luminosity) to a *rate* of star
formation

 Luminosity weighting.


