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Research tools

Chemical evolution
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Principles: formation

 Heavy elements made in nucleosynthesis
 Most He made in Big Bang, otherwise all

made as part of stellar evolution
 Nucleosynthesis in stars
 R-process
 S-process

 Pagel (1997) an excellent introduction…



Heidelberg
March-April 2008

Eric Bell



Heidelberg
March-April 2008

Eric Bell



Heidelberg
March-April 2008

Eric Bell

Principles: redistribution
 Supernovae and stellar winds -

redistributes these metals and can drive
galactic winds….

Oppenheimer, Dave, et al.Oppenheimer, Dave, et al.
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Approximation : IRA

 Instantaneous Recycling approximation
 Because much of enrichment is prompt (with

enrichment timescale << Hubble time) can
assume it happens instantaneously
 Makes math simpler (tractable)
 OKish for alpha elements
 BAD for Iron, CNO, heavy elements
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IRA world…

 dMmet = (y-Z)*SFR(1-R) - [metals in
outflow] + [metals in infall]

 dMgas = -SFR(1-R) - outflow + infall
 dM* = SFR(1-R)
 Z = Mmet/Mgas
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A closed box

 CLOSED BOX - no metals or gas in or
out, full mixing in box

 Then
 dg = -ds
 g dZ/ds = -g dZ/dg = ytrue      yield
 Therefore, Z = ytrue ln M/g = ytrue ln(1/fgas)

 Can define yeff = Z/ln(1/fgas)
Yield that a system
would have to get 
a metallicity at a given fgas
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Some key results

 Metallicity-mass relation
 Same for gas-rich and gas-poor galaxies

 Can go from one to the other by just losing gas…

Lee, Bell, Somerville 2008
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Key results II

 Metal-enriched outflows are ~only way of driving down
yeff, but only in systems with a lot of gas…

 Main driver or metal-mass relation is low SFE, modulated
by metal-enriched outflows.

Dalcanton 2007



Heidelberg
March-April 2008

Eric Bell

Relative abundances as a
cosmic clock…
 One of the key diagnostics of timescales

of galaxy evolution is relative abundances
 Alpha/Fe, N/O, etc…

Schiavon 2006
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Abundance Pattern
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Schiavon 2006
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Summary I

 Chemical Evolution
 ‘garbage’ of stellar evolution,
 does not go away (so valuable diagnostic),
 but does get moved around (so not trivial to interpret)
 Different origins of elements --> diverse chemical

clocks (alpha elements, Iron, nitrogen, R-process, S-
process) which need to be used with care

 Key result : metallicity--mass relation, supports
interpretation of this relation as evolutionary clock

 Feedback : metals spread all over the intergalactic
medium, so we know they get blown out, just where
and when?
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Color-magnitude diagrams

Thanks to Jason Harris and Evan Skillman 
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Synthetic CMDs
created by
D. Weisz using
Dolphin’s codes

Top panels:
Increasing SFR to
emphasize recent star
formation

Bottom panels:
constant SFR.

Left: “Painted” young to old     Right: “Painted” old to young



Heidelberg
March-April 2008

Eric Bell



Heidelberg
March-April 2008

Eric Bell



Heidelberg
March-April 2008

Eric Bell



Heidelberg
March-April 2008

Eric Bell



Heidelberg
March-April 2008

Eric Bell



Heidelberg
March-April 2008

Eric Bell



Heidelberg
March-April 2008

Eric Bell



Heidelberg
March-April 2008

Eric Bell



Heidelberg
March-April 2008

Eric Bell

DDO 165 in the M81
group

Complete Star
Formation History

Note resolution at
recent times better
than ancient pops.

Key result : star
formation histories
of dwarf galaxies
tend to be bursty…
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A Key Result….

 Dolphin et al. 2005 (on astroph)
 Irregulars --> Spheroidals through gas loss

alone (I.e., SFHs at ancient times v. similar)
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Results
de Jong et al. 2007
Stellar truncations also in old
populations; not *just* star 
formation thresholds…
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Summary II

 Color-magnitude diagrams
 Very powerful
 If get to main sequence turn off for old stars

 Star formation history
 Resolution good for recent star formation, worse for ancient times

 Some chemical evolution history (better if have a few red giant
spectra, helps a lot)

 If you don’t get to main sequence turn off
 Some SFH information remains but tricky to do well because it’s

all post-main sequence based
 Method

 Match distribution of stars in color-magnitude space, maximise
likelihood (e.g., minimise chi^2)

 Key result : star formation histories of dwarf galaxies have
considerable bursts

 Key result : star formation histories of gas-rich and gas-poor dwarfs
different only in last couple Gyr - gas removal only difference?
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Diagnostics of ISM and
dust…

With thanks to Brent Groves



Heating Dust

•As the grains absorb the incident photons they

heat up and emit thermal radiation

•For large grains, the absorption and emission

reach an equilibrium state so that the grain has a

steady temperature

•For small grains however things become

stochastic...



Hot & Cold
Smallest grains
have small cross-section

hence low photon heating
rate

However, small grains
also
have low specific heat

one photon causes large
increase in Temperature



Quick & Dirty Dust IR

Solve for Grain
Temperature Probability
Distribution
Convolve with
Blackbody and integrate
over dust sizes and
types to get IR emission
Include the emission
from PAH



From Star to Finish (SED)

•Use stellar synthesis code (STARBURST99) to generate stellar spectrum of

different aged bursts

•Use radiative transfer code (MAPPINGS) to determine HII spectrum and hot

dust extinction and emission

•Use MAPPINGS to determine spectrum of warm dust & PAH extinction and

emission

•Pass final spectrum through (diffuse, cold) dusty screen



Making Stars

•The Stellar Emission

•Instantaneous bursts of
104 M☉ sampled at
intervals of 1 Myr up to 10
Myr

•Continuous at 1  M☉ yr-1

up to 108 yrs for >10 Myr
population



ingredients
The Photodissociation Region
All regions of ISM where FUV photons dominate
physical/chemical processes

Molecular cloud covers fraction of HII region
Absorbs Far-UV and gives warm dust and PAH
emission
Explore clearing timescale (~covering fraction) of
PDR clouds
f(t)=exp(-t/τclear)
τclear=1, 2, 4, 8, 16 and 32 Myr



Under Pressure



Seeing through...
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Case study: dust masses

 Mass = flux * d^2 / (dust cross section
per unit mass * planck function(at a
temperature T, at measured frequency)
 *highly* uncertain, need longest

wavelengths possible and understand what
fraction of dust is at which temperatures

 Long wavelength cross section uncertain

 End up with gas/dust of ~200-300
(Sodroski et al. 1994; Dunne et al. 2000)
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Gas

 Almost information from gas comes from
emission lines…
 As e- fall through energy levels --> recombination

radiation (radio through to optical/UV/X-ray)
 Forbidden lines (long transition times, e.g.,  ~hours),

denoted by [OIII]
 Fine structure lines - coupling between the spin and

orbital ang. Mom of an e-

 1/1372 times as large as between main levels (~FIR),
e.g., OI at 63 and 145um, CII at 158um are hugely
important cooling lines (why sodium D is a doublet)…
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Gas (cont)

 Hyperfine transitions
 Nuclear spin and e- spin (2000x smaller still)
 HI when flips from parallel to antiparallel, 21cm

radiation, timescale ~10Myr

 Molecules
 Vibrational transitions (few um for common molecules

e.g., HCN, CO, CS)
 Rotational transitions (mm regime), excited by

collisions with H2 molecules (e.g., CO at 1.3 and
2.6mm CO1-0; excited at n(H2) ~ 103cm-3 and T~10-
20K for excitation); higher transitions need larger
densities / higher temperatures
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Gas (cont)

 Larger dipole moments
 Faster decays back to ground state, and

denser gas reqd. to cause emission.
 E.g., ammonia, HCN, CS (10,100,1000x denser

than CO), SiO requires densities higher still

 Symmetric molecules
 E.g., H2, rotational transitions 1372 times

slower (least energetic transition is at 20um,
only shocked gas at T~1000K can emit at all)

 Absorption lines in the UV, need an
absorber…
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12CO lower dens

13CO, CS, 
HCN traces
progressively
denser phases
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How does one turn that
into H2 mass?
 Virial estimator

 Gravitational mass of cloud from sigma^2 r vs. luminosity in
CO, CS, HCN, etc…

 Have to have confidence that you’re looking at an area
where sigma^2 and r reflect just support of one cloud

 Dust-to-gas method
 Calibrate HI to dust mass ratio (dust mass from long

wavelength emission).
 Go to an area with CO in that galaxy
 Assume that H_2 to dust mass ratio same as HI to dust

mass ratio (I.e., dust to gas does not depend on what form
the gas takes, not a stupid thing to assume)

 Then can use dust mass in that CO-dominated region to
estimate H_2 mass in that region, then calibrate CO-to-H_2
ratio…
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HI and H2 (from CO)

 MHI = 2.36x105 D2(Mpc) ∫ S(Jy)dv(kms-1)

 Mmol = 1.61x104 D2(Mpc) Sco    Wilson & Scoville 90

 Often CO is given as a surface brightness, and
one needs to integrate over the beamsize
oneself or integrate over the galaxy (if larger
than the beam)
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Summary III

 Gas and dust
 Atomic hydrogen easy
 Molecular hydrogen no dipole moment, so

indirect probes (CO, HCN, etc) only which are
calibrated to molecular hydrogen

 Dust spectra; complicated
 Long wavelength gives some access to dust

masses, dust/gas ratio of ~200…
 Challenge question - what should dust/gas ratio

depend on?


