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Mass-metallicity relationship of 

galaxies
Lequeux et al., 1979
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Tremonti+ 2004
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Used to test many aspects of 
cosmological galaxy formation, 

e.g…

• Impact of supernova winds 
(Davé et al 2011)

•  Rate of infall of ‘pristine’ gas 
(Colavitti et al 2008)

•  Initial Mass Function
(Koppen et al. 2007)

+ many more...

Davé, Finlator & Oppenheimer (2011)

    
Mass-metallicity relationship of 

galaxies
Tremonti+ 2004
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Milky Way

Small Magellanic Cloud

Large Magellanic Cloud

    
Mass-metallicity relationship of 

galaxies
Tremonti+ 2004
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Pagel, Edmunds, Blackwell
et al. 1979

strong line method: R23 = f[N(O)/N(H)]

simple empirical calibration
but…
             R23 depends on
                 Telectron

                 nelectron

                          nature of
                 ionizing stars
                 gas imhomog.
                 filling factors
                 depletion into
                 dust…..
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Strong-line method (a.k.a. R23)
observe strong oxygen emission lines, 
& use O as tracer of metallicity
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Pagel, Edmunds, Blackwell
et al. 1979

strong line method: R23 = f[N(O)/N(H)]

simple empirical calibration
but…
             R23 depends on
                 Telectron

                 nelectron

                          nature of
                 ionizing stars
                 gas imhomog.
                 filling factors
                 depletion into
                 dust…..

Requires 
assumptions about:

• Gas temperature
• ionizing sources
• ‘clumpiness’

O/H

How are abundances of galaxies measured?



9

lo
g 

(o
xy

ge
n 

ab
un

da
nc

e)
 +

 c
on

st
an

t

log (Mgalaxy / M⊙ )

Milky Way

Small Magellanic Cloud

Large Magellanic Cloud



10

lo
g 

(o
xy

ge
n 

ab
un

da
nc

e)
 +

 c
on

st
an

t

log (Mgalaxy / M⊙ )

Quantitative relationship 
heavily dependent 

on the calibration used.

Kewley & Ellison 2008

Milky Way

SMC

LMC
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Supergiants as alternative 
cosmic abundance probes

•
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BSGs
distances, 

metallicities

(λ = optical)

RSGs
metallicities

(λ = NIR)

-7 ≥ MV ≥ -10 -9 ≥ MJ ≥ -11
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1. Blue Supergiants (BSGs)

• Hot (Teff ~ 9,000 - 30,000 K).
• Can solve for Teff, gravity...
• … then get abundances. 
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1. Blue Supergiants (BSGs)

Teff

log g

E(B-V), AV

[Z]
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1. Blue Supergiants

NGC 300

  Kudritzki et al. 2008, ApJ 681, 269   
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1. Blue Supergiants

  Kudritzki et al. 2008, ApJ 681, 269   

NGC 300
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1. Blue Supergiants

Bresolin et al 2009, ApJ, 700, 309

NGC 300
Check results using Te-sensitive 
‘auroral’ lines of HII regions

‘strong’

‘auroral’
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1. Blue Supergiants

Bresolin et al 2009, ApJ, 700, 309

NGC 300
Check results using Te-sensitive 
‘auroral’ lines of HII regions

HII-auroral 
supergiants

supergiantsregression

HII- auroralregression

Excellent agreement 
with BSGs!
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1. Blue Supergiants

Bonus: can be used as distance indicators...

L, M 
constant

If L ~ Mx,
L ~ (g/T4)x/(1-x), or

Mbol = a log(g/T4) + b   (FGLR) 
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1. Blue Supergiants

Bonus: can be used as distance indicators...

Mbol = a log(g/T4) + b   (FGLR) 

Lots of galaxies:
Kudritzki et al., 2008, ApJ 681, 269
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2. Red Supergiants (RSGs)

•Complementary to BSGs
•Greater potential for E-ELT:
★ Stars have flux-peaks in NIR
★ Method is NIR-based
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Molecular lines

Atomic 
metal line Davies+ 2009a

• Cool (Teff ~ 4000K).
• Lots of molecular lines.
• High-res required 

(R>20,000)

2. Red Supergiants

Previous RSG abundance work
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One star per galaxy, per night, at ~1Mpc

Not currently feasible for 
extra-galactic work (no targets!)

(VLT + CRIRES)

2. Red Supergiants
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However, if we switch to J-band:
• Only atomic lines (molecular lines v. weak)
• Can get all stellar parameters
• Can drop resolution to R~3000
• Can use a MOS

2. Red Supergiants

Davies, Kudritzki, Figer 2010, MNRAS 407, 1203
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2. Red Supergiants

Modelling & Analysis
• MARCS models... 

(Gustavsson+ 2008)
• … with nLTE corrections 

(Bergemann+ 2012,2013)
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2. Red Supergiants

Modelling & Analysis
• MARCS models... 

(Gustavsson+ 2008)
• … with nLTE corrections 

(Bergemann+ 2012,2013)
• … and 3-D effects 

(Bergemann+ in prep)

Movie by Bernd Freytag
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One star per galaxy, per night, at ~1Mpc (VLT + CRIRES)

2. Red Supergiants
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➡24 stars at once: 1 galaxy per night at 4Mpc
➡number of observable targets increased to ~100

(VLT + KMOS)

2. Red Supergiants
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A&A 527, A50 (2011)

Fig. 2. Examples of simulated R= 4000 spectra for J = 21.25, 22.25, and 23.25 (with seeing of 0.′′9, ZD= 35◦, and the “good” NGS configuration).
Upper panel: solar metallicity simulations (log[Z]= 0.0); lower panel: metal-poor simulations (log[Z]=−1.0). Identified lines, from left-to-right
by species, are: Ti  λλ1.1896, 1.1953 µm; Si  λλ1.1988, 1.1995, 1.2035, 1.2107 µm; Mg  λλ1.1831, 1.2087 µm; Fe  λλ1.1597, 1.1611, 1.1641,
1.1693, 1.1783, 1.1801, 1.1887, 1.1976 µm. Residuals from the sky OH lines can be seen in places, e.g. the emission “spikes” in the simulated
metal-poor spectrum for J = 23.25.

interpolation between model grid points to refine the metallic-
ity determinations, both of which are now discussed.

3.1.1. Continuum placement

To obtain accurate metallicities from the simulated spectra it is
crucial that the continuum level is determined correctly. Placing
the continuum at the wrong level results in an incorrect measure-
ment of the normalised line strengths, thus an erroneous metal-
licity. DKF10 found the continuum level of their input spectra
by ranking the spectral pixels in order of their (normalised) flux,
and then finding the median value of those pixels with the great-
est flux. In a spectrum comprised of continuum and absorption
lines, the pixels with the greatest flux will have a value equiva-
lent to the continuum level plus the noise. At high S/N this is a
very good approximation of the continuum level, but at low S/N
this can lead to the estimated continuum level being too high, re-
sulting in a derived metallicity that is systematically above that
of the input spectrum.

Here we adopt an improved method of continuum determina-
tion, assuming that the noise is Gaussian (i.e. requiring good sky
subtraction). A spectrum of pure Gaussian noise, when ranked
in order of increasing pixel value, will produce a trend which
is approximately linear in the middle-ranking pixels (see Fig. 8).
This linear regime is selected to contain the values that are within
∼1σ of the mean. An absorption-line spectrum (i.e. discrete fea-
tures combined with Gaussian noise) will also have this linear
regime (see Fig. 9). By identifying and fitting these pixels, we
can find those within some tolerance level of the fit. In princi-
ple we can then select those within ∼1σ of the mean continuum
level, and use them to fit the continuum. Figures 8 and 9 illus-
trate this procedure for a spectrum of pure Gaussian noise and
for a template absorption-line spectrum with noise added (both
with S/N = 50).

3.1.2. Refinement of the metallicity measurement

The  grid provides models at intervals of 0.25 dex between
log[Z]=−1.5 and +1.0 (excepting −1.25). Determining a finer

Page 6 of 13

Evans, Davies, Kudritzki et al. 2011 A&A 527, 50

E-ELT potential
• Accurate abundances at J=23

• Limiting distance: 70Mpc 

• (35Mpc if we’re modest...)

2. Red Supergiants
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➡VLT: 1 galaxy per night at 4Mpc
➡number of observable targets increased to ~100

2. Red Supergiants
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➡E-ELT: 1 galaxy per night at 35Mpc (modest...)
➡number of observable targets increased to ~1500!!

2. Red Supergiants
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2. Red Supergiants

RSGs
BSGs

Mass-Metallicity Relation (supergiants)
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2. Red Supergiants

Bonus #1: RSG-dominated star-clusters...

x100 boost in flux 
for a 105 M⊙ cluster

limiting distance 
with E-ELT: 
300Mpc
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Bonus #2: In principle, technique can work on any cool star…
(not just supergiants)

• Red Giants, AGB stars...

• in dSph, Globular Clusters…

• at distances of 3.5Mpc (Andromeda, Sculptor & M91 groups)
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Stellar Spectroscopy Beyond the 
Local Group with the E-ELT

Requirements:

BSGs:

λ = 4000 - 5000Å
R = 1000
Multiplexing: >25
Bonus: 
distances accurate to 
~10%.

RSGs:

λ = 1.1 - 1.3μm
R = 3000
Multiplexing: >25
Bonus: 
• Clusters @ x10 distance.
• RGs in dSph, GCs
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Stellar Spectroscopy Beyond the 
Local Group with the E-ELT

Summary & Outlook :

Quantitative spectroscopy of individual supergiants, 
at distances >30Mpc

• Accurate mass-metallicity relation at z=0.

• Can be used to recalibrate strong-line methods for 
higher z work.

• Greater accuracy for lower end of distance ladder.


