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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 (typically lighter elements)
 S-process elements (slow addition of neutrons; made

in AGB stars - pre-planetary nebula)
 Supernovae products

 Alpha elements (so-called because they’re multiples of
alpha particles/Helium nuclei)

 R-process (rapid addition of neutrons)

 Pagel (1997) an excellent introduction…
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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

 Here y=yield, R=recycled fraction
(fraction of mass that was in stars that
ends up back in the ISM)
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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

gas conversion from astration
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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
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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



Heidelberg
March-April 2008

Eric BellMr Mr

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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Research tools

Diagnostics of atomic and
molecular ISM

Ionized gas and SFR calibrations
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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



Heidelberg
March-April 2008

Eric Bell

How does one turn that
into H2 mass?
 Virial estimator

 Gravitational mass of cloud from sigma2 r vs. luminosity in
CO, CS, HCN, etc…

 Have to have confidence that you’re looking at an area
where sigma2 and r reflect just support of one cloud

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

wavelength emission).
 Assume that H2 to dust mass ratio same as HI / dust ratio
 Then can use dust mass to estimate H2 mass in that region,

then calibrate CO-to-H2 ratio…

 Gamma Rays from protons interacting with
cosmic rays…
 Proton to CO ratio --> CO-->H2…
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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 (in
Kelvins), and one needs to integrate over the
beamsize oneself or integrate over the galaxy (if
larger than the beam)
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Ionised gas
 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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Overview of methods

 Physical parameters from
 Effective temperature method

 Have different lines from same species, allows
estimate of electron temperature and number
density, so can model HII region directly

 Photoionization model
 Lack this information, use strong lines + a model

of how stars ionize and HII regions work to figure
out metallicity + ionization
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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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Photoionization modeling

 For faint systems, high metallicity
systems, can’t get OIII 4363
 Must do photoionization modeling



Heidelberg
March-April 2008

Eric Bell

SiliconSilicon

Oxygen/HbetaOxygen/Hbeta

Nitrogen IINitrogen II

KewleyKewley’’s photoionization s photoionization modelsmodels

~same ~same ionisation ionisation 
so just met. Sensitiveso just met. Sensitive
Can ~use for AGN!Can ~use for AGN!
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Gas
metallicities

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

Some discrepancies betweenSome discrepancies between  
Different sets of strong linesDifferent sets of strong lines
~some idea of ~some idea of systematicssystematics……

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 rate of decrease of number of free electrons
(ionising flux from v. hot stars)
 Recombination lines Halpha, Pa alpha, etc. [number

transitioning]
 Thermal radio flux [energy losses]
 Turn into SFR by requiring that loss of energy is

compensated by new energy input (steady state)

 Synchrotron (indirect; measures cosmic ray density and
mag. field strength)
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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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intercomparison
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Radio-FIR correlation
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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 III

 Gas
 Atomic hydrogen easy
 Molecular hydrogen no dipole moment, so indirect

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

 Ionised gas
 Different lines of one element with different

energies gives insight into Electron Temperature
 Different transitions with ~energy but diff. AM give

density (because of degree of collisional de-
excitation is measured)

 Then can measure metallicity
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Summary III (cont…)

 Star formation rates
 Hydrogen recombination (==> Ionising

Luminosity)
 UV/IR (luminosity of young stars/reprocessed)
 Radio synchrotron (cosmic ray electron density ~

SNR)
 Comparably good if careful/use in appropriate

regime, can calibrate to x2


