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The	two	phases	of	cosmic	nucleosynthesis	



Ωb 

Elements	created	right	aQer	the	Big	Bang	



Elements created in / 
after the Big Bang 

Element	abundances	in	the	sun	/	solar	system	

Elements created in stars / 
stellar evolution processes 





Cosmic	cycle	of	maTer	à	enrichment	with	heavy	elements	
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The simple model:
Matter cycle = enrichment
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Example	for	abundance	effects	in	stellar	spectra:		
Discovery	of	the	extremely	low	metallicity	star	HE	0107–5240		

[Fe/H] ≈ 0.0  

[Fe/H] ≈ –4  

[Fe/H] ≈ –5.3  

[Fe/H] ≈ –∞  



Example	for	determinaDon	of	mean	metalliciDes	of	early-type	galaxies		
from	SSP	model	fi^ng	of	their	integrated	starlight	spectra	

Sanchez-Blazquez  
et al 2006 

NGC 4467, 
[Fe/H] ≈ +0.20  

NGC 3605, 
[Fe/H] ≈ 0.00  



Example	for	interstellar	absorpDon	lines	from	a	high-redshiQ	galaxy	

Quider et al. 2010 



Example	for	measuring	gas-phase	oxygen	abundances		
in	emission	line	spectra	from	photoionised	interstellar	gas		

Orion nebula, 
[O/H] ≈ 0 (i.e. solar) 
 
spectrum from 
Sanchez et al. 2007 

Metal-poor galaxy  
I Zw 18, 
[O/H] ≈ –1.8 
 
spectrum from 
Kunth & Östlin 2000  
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Observed	metallicity	distribuDon	for	stars	in	the	solar	neighbourhood	

based on Geneva-Copenhagen Survey,  
Casagrande et al 2011 

14 Casagrande et al.: Improved GCS astrophysical parameters

Fig. 14. Ages versus masses for stars belonging to the irfm sam-
ple. Colours are for stars with well determined ages, going from
metal-poor (blue) to -rich (red), while grey dots are for the re-
maining stars. Squares are stars brighter than MVT = 2. Inner
panel: same as outer panel, but with a metallicity colour coding
also for stars with less reliable ages.

Fig. 15.MDF of the solar neighbourhood in terms of [Fe/H] (up-
per panel) and [M/H] (lower panel). Continuous line refers to
stars belonging to the irfm sample (5976 stars within the colour
ranges of the metallicity calibration), dashed line when consid-
ering only stars fainter than MVT = 2, dotted line to all clbr
stars (8470 within the colour ranges of the metallicity calibra-
tion) and dot-dashed when applying the same luminosity cut as
above. Poisson error bars are shown for a representative case in
both panels.

from the same distribution is below 1 percent, i.e. not significant.
The reason for this lies in the broader wings of the clbr sample,
partly because the lower quality of the latter sample could be
responsible for less reliably determined metallicities that over-
populate the wings, and/or older ages (see below).When restrict-
ing the selection to −0.5 ≤ [Fe/H] ≤ 0.5, the irfm and clbr sam-
ples are in fact drawn from the same distribution to a level better
than 5 percent, under the null hypothesis that the two distribu-
tion are drawn from the same parent population. Identical con-

Fig. 16. Top panel: MDF for stars belonging to the irfm sample
divided into different age intervals. Stars having age < 1 Gyr are
shown with a continuous line, 1 ≤ age < 5 Gyr with a dashed
line and age ≥ 5 Gyr with a dot-dashed line. Shaded areas iden-
tify the subgroup of stars in the same age intervals as above, but
with absolute magnitudes (< 2); no such bright stars are present
in the old sample. Only stars with well determined ages (see
Section 3) are used. Bars indicate Poisson errors. Middle panel:
[Fe/H] versus stellar mass. Colours have the same meaning as
in the top panel, with grey dots now referring to the remaining
stars having more uncertain ages. Filled squares identify stars
with bright absolute magnitudes (< 2). Lower panel: same sym-
bols and colours as in the middle panel, but showing the age–
metallicity relation. Shown for comparison (asterisks) are the
ages and metallicities of the halo Globular Clusters studied in
VandenBerg et al. 2010 (in the latter case, a different zeropoint
on the age scale is possible, also depending on the input physics
adopted in the stellar models employed).

clusions to the Kolmogorov-Smirnov statistic are reached using
instead the Wilcoxon Rank-Sum test for comparison. We find
that the MDF for young and old stars look considerably different
(see below). We note that because the clbr sample contains a few
more cooler stars than the irfm sample (see Section 2.1.2), the
cooler stars being preferentially older and thus with a broader
MDF (see below), this could also be partly responsible for the
different broadening of the wings.



Comparison	of	the	“Simple	Model”	of	galacDc	chemical	evoluDon	
with	observaDons	of	stars	in	the	solar	neighbourhood	

Model for y = 0.1,  
Z0 = 0 



Comparison	of	the	“Simple	Model”	of	galacDc	chemical	evoluDon	
with	observaDons	of	stars	in	the	solar	neighbourhood	

Model for y = 0.1,  
Z0 = 0 

● = Data from 
Casagrande et al (2011) 
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GalacDc	ecosystems	
instead	of	closed-box	cosmic	maTer	cycle	



Observed	metallicity	distribuDon	for	stars	in	the	Galac1c	halo	

16 An et al.

FIG. 17.— Deconvolution of photometric MDFs of the halo using a single
Gaussian [Fe/H] distribution. Histograms are observed MDFs from the cali-
bration (top) and the coadded catalog (bottom), respectively. The error bars
represent ±1σ Poisson errors. The solid red line shows an error-convolved
[Fe/H]phot distribution from the deconvolution kernels in Figure 10, with a
peak of the underlying [Fe/H] distribution at [Fe/H]= −1.80 for the calibra-
tion catalog (top), and a peak at [Fe/H]= −1.55 for the coadded catalog (bot-
tom), respectively, both with dispersions of 0.4 dex. The dashed blue line is
the best fitting simple chemical evolution model from Hartwick (1976), after
applying the deconvolution kernels.

distribution with a dispersion in metallicity. The solid red line
in Figure 17 shows the resulting fit, obtained using the non-
linear least squares fitting routine MPFIT (Markwardt 2009)
over −2.8< [Fe/H]phot < −1.0, after application of the convo-
lution kernels (Figure 10). As described earlier, each of these
simulated profiles includes the effects of photometric errors
(σg,r,i = 0.02 mag, σu,z = 0.03 mag) and a 50% unresolved bi-
nary fraction and/or blends with the M35 mass function for
secondaries. Note that these kernels are not Gaussian func-
tions, nor are they the products of a chemical evolution model.
For the calibration catalog (top panel), we found that a best-

fitting Gaussian has a peak at [Fe/H]true = −1.80± 0.02 with
σ[Fe/H] = 0.41± 0.03 dex. The reduced χ2 value (χ2ν) of the
fit is 2.0 for 15 degrees of freedom, assuming Poisson errors.
The errors in the above parameters were scaled based on the
χ2ν of the fit. The estimated peak [Fe/H] and the dispersion are
similar to those obtained for the Ryan & Norris (1991b) sam-
ple, as expected from the similar MDF shape from these two
studies. For the coadded catalog (bottom panel), we found a
best-fitting Gaussian with a peak at [Fe/H]true = −1.55± 0.03
and σ[Fe/H] = 0.43± 0.04 dex, with χ2ν = 2.7.
For an additional test, we assumed that the photometric

MDF is shaped primarily by large photometric errors, even
though the underlying [Fe/H] distribution is single-peaked at
around [Fe/H]= −1.6. We found marginal agreement with the
observed MDFs only if the size of photometric errors were
underestimated by a factor of two (i.e., σg,r,i ≈ 0.04 mag,
σu,z ≈ 0.06 mag) for both of the Stripe 82 catalogs. However,

we consider it unlikely that the errors have been underesti-
mated by this much. This hypothesis is also inconsistent with
the intrinsically wide range of spectroscopic [Fe/H] determi-
nations from Ryan & Norris (1991b).
The dashed blue line in Figure 17 shows the best-fitting

simple chemical evolution model (Hartwick 1976). We used
the mass-loss modified version as in Ryan & Norris (1991b),
who found an excellent match of this model to their MDF.
The model MDF is characterized by a single parameter, the
effective yield (yeff), which relates to the mass of ejected met-
als relative to the mass locked in stars. The simple mass-loss
modified model adopts instantaneous recycling and mixing of
metal products in a leaky box, and further assumes a zero ini-
tial metallicity, constant initial mass function, and a fixed ef-
fective yield. We utilized [Fe/H] in this model as a surrogate
for the metallicity. After convolving the model MDF with
the deconvolution kernels (Figure 10), we found log10 yeff =
−1.65±0.02 (χ2ν = 2.6 for 15 degrees of freedom) for the cal-
ibration catalog, and log10 yeff = −1.37± 0.04 (χ2ν = 5.0) for
the coadded catalog, which simply correspond to the peak of
the MDF. The goodness of the fit to the calibration catalog
data is comparable to that using the single Gaussian fit, and
the resulting effective yield is close to what Ryan & Norris
(1991b) obtained from their MDF (log10 yeff = −1.6).

4.2.2. A Two-Component Model
Although a single-peak Gaussian [Fe/H] distribution de-

scribes the observed photometric MDF rather well, it is not
a unique solution. Here we consider a two-peak Gaussian
[Fe/H] distribution fit to the Stripe 82 MDFs.
The red and blue curves in the top panel of Figure 18

show the best matching pair of simulated profiles to the cal-
ibration catalog MDF, searched using the MPFIT routine
over −2.8 < [Fe/H]phot < −1.0. In this fitting exercise, we
fixed the dispersion of the underlying [Fe/H] distributions to
σ[Fe/H] = 0.30 dex for both Gaussians. The green curve is the
sum of these individual components, which exhibits an ex-
cellent fit to the observed profile (χ2ν = 1.9 for 14 degrees of
freedom). The underlying true [Fe/H] distribution for each
of these curves is shown in the bottom panel, which exhibits
peaks at [Fe/H]true = −1.67± 0.08 and −2.33± 0.30, respec-
tively.
The bottom panel in Figure 18 also shows the spectroscopic

MDF from Ryan & Norris (1991b, gray histogram). Our de-
convolved [Fe/H] distribution matches their observed MDF
well on the metal-poor side. Their sample is contaminated
by disk stars above [Fe/H]≈ −1, while our photometry sam-
ple selection excludes metal-rich stars with [Fe/H]true > −1.2
(§ 3.1).
The fractional contribution of the low-metallicity compo-

nent with a peak at [Fe/H]true = −2.33 (the area under the
blue curve in the top panel of Figure 18) to the entire halo
sample (the area under the green curve in the top panel) is
24%, with a clearly strong dependence on metallicity. Be-
low [Fe/H]= −2.0, the contribution from the low-metallicity
component is 52% of the total numbers of halo stars in this
metallicity regime. Above [Fe/H]= −1.5, the high-metallicity
component (the red curve with a peak at [Fe/H]true = −1.67)
contributes 96% of the total numbers of halo stars.
The relative fraction of the low-metallicity component de-

pends on our adopted value for the dispersion of the under-
lying [Fe/H] distribution. In the above exercise, we assumed
σ[Fe/H] = 0.30 dex for each component. However, the contri-

from SDSS,  
An et al. (2013) 

à Exercises! 


