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Origin of the elements
• H, He + small amount of Li:  

Mostly formed during the “Big Bang” when the Universe was very 
dense and very hot.
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Neutron decay  
(12 minutes) 



Abundances vs. time

http://www.astro.ucla.edu/~wright/BBNS.html



Origin of the elements
• H, He + small amount of Li:  

Mostly formed during the “Big Bang” when the Universe was very 
dense and very hot.

• Everything else:

• Supernovas of Type II (stars with M > 8 M⊙; lifetimes < 40×106 years)

• Supernovas of Type Ia (exploding white dwarfs) - delay of 108 - 109 
years

• AGB stars, planetary nebulae, Novae, etc.

• H and He are mostly of cosmological origin, whereas 
other elements were formed via nuclear reactions in 
stars
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Nucleosynthesis in massive stars
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Iben (1967)

1. Star on main sequence
Hydrogen burning in core
(pp and CNO cycles)

H→He



Nucleosynthesis in massive stars
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2. End of main sequence

Hydrogen exhausted in core.
No energy source, star contracts

He



Nucleosynthesis in massive stars
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3-5. Shell H-burning
H is ignited in a shell around 
the He core, adding mass to it.
The star expands and cools

He

H→He



Nucleosynthesis in massive stars
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6-10. He-burning
He burning in core via “triple alpha 
process”. “Blue loops” in H-R diagram

He→C, O



Nucleosynthesis after He-burning
Eventually, the He is used up and the core consists (mainly) of C, O.

Subsequent evolution very fast; outer layers of star do not have time 
to react

C-burning (Tcore ~109 K, t ~ 1000 yr)
12C+12C → 24Mg* → 20Ne+α+γ

→ 23Ne+p+γ
→ 23Mg+n

Ne-burning (Tcore ~1.5x109 K, t ~ 1 yr)

20Ne+γ → 16O + α
20Ne+α → 24Mg + γ
24Mg+α → 28Si + γ

25 M⊙ star; Pagel (2009)

Alpha-elements: 
16O, 20Ne, 24Mg, 28Si, etc.



Type II Supernova
Fe,Ni core collapse → disintegration of Fe nuclei to p, n → neutron star + neutrinos
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“Onion skin” structure of a 25 
M⊙ star, prior to explosion as 
a Type II SNa



Nucleosynthesis in Type II SNe
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Relative frequencies of Type la and Type II supernovae 949 

Figure 1. Abundance pattern from Type II supernova explosions. Relative abundances of synthesized heavy elements and their isotopes, 
normalized to the corresponding solar abundances, Xy/x^O), are shown by circles. The species indicated by open circles are not used in 
minimizing g(r) in equation (3), because of uncertainties involved in their abundances in Type II supernovae (see Section 2). 

Figure 2. Abundance pattern from Type la supernova explosions. The relative abundances of synthesized heavy elements and their isotopes, 
normalized to the corresponding solar abundances, x,/x,( G ), are shown by circles. 

or 
cs = l-lO-|o/Fe|"(Zo/ZFe)s/(Zo/ZFe)0, (9) 
where [0/Fe]n stands for the observed oxygen excess relative 
to iron for metal-poor stars with [Fe/H] ^ - 1. 

It is apparent from equations (7) and (8) that wIa and wn 
depend on the star formation history. If star formation occurs 
continuously in the solar neighbourhood (Gallagher, Hunter 
& Tutukov 1984), we would expect that wIa ~ vvn. If the star 
formation rate is not constant over the age of the Galaxy and 
has a peak as inferred from the metallicity distribution of 
solar-neighbourhood G dwarfs, the efficiency wIa might be 
slightly larger than wu. This naive argument gives a rough 

estimate of AIa/An ^0.184. Precise estimates of wla/wu, and 
therefore of /VIa/yVn, need models of galactic chemical evolu- 
tion, as we discuss below. 

3.2 Chemical evolution model for the solar neighbourhood 
We have made a simplified model of chemical evolution 
which is fairly standard, allowing material inflow from 
outside the considered zone (cf. Tinsley 1980). Technical 
details of the model are discussed fully in a separate paper 
(Yoshii et al. 1995) and we do not repeat them here. Among 
the input parameters summarized in Table 4, the time-scale 
tm of infall, the lifetime tVd of SN la progenitors, the power- 

©1995 RAS, MNRAS 277, 945-958 
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Tsujimoto et al. (1995)

SN II yields relative to Solar composition

Mass number

Type II SNe produce too few iron-peak elements (Cr, Mn, Fe, Ni)



Nucleosynthesis in Type Ia SNe
Stars with initial mass 
less than (about) 8 M⊙:
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Fig. 4.—Interior composition, position of the helium-burning shell, 
and position of the base of the convective envelope during the second 
dredge-up episode in a model of mass 7 MQ. Adapted from Becker and 
Iben ( 1979). 

tail in § VIII. Suffice it to say here that ( 1 ) hydrogen and he- 
lium bum alternately in shells, (2) the ignition of helium is 
mildly explosive, ( 3 ) extensive nucleosynthesis involving the 
capture of neutrons builds up hundreds of neutron-rich iso- 
topes, and (4) these isotopes, along with carbon, the major 
product of incomplete helium burning, are brought to the sur- 
face in a series of “third dredge-up” episodes. This phase of 
evolution is sometimes called the thermally pulsing AGB 
phase. 

In theoretical models of constant mass, this phase continues 
until the mass of the carbon-oxygen core reaches ~ 1.4 M©, the 
effective Chandrasekhar limit, at which point carbon is ignited 
in the core (Hoyle and Fowler 1966; Amett 1969). After a 
brief episode during which neutrino losses by a generalized 
Urea process balance the energy generated by carbon burning 
(Paczynski 1972; Couch and Arnett 1975; Iben 1978a, b; 
1982a; Barkat and Wheeler 1990), the rate of carbon burning 
increases exponentially, creating a burning front that works its 
way to the surface, converting matter into iron-peak elements 
and imparting greater than escape velocity to this matter. In 
short, the core is completely disrupted (Amett 1969). The ki- 
netic energy associated with the explosion is comparable with 
the kinetic energy of the matter ejected by a Type la super- 
nova. However, the mass of the hydrogen-rich envelope of the 
model is large enough that the highly processed core material 
will be diluted with hydrogen to such an extent that hydrogen 
lines would prominently appear in the spectrum of a real coun- 
terpart. Since one of the major defining features of a Type la 
supernova is the absence of hydrogen lines, it is clear that Type 
la supemovae are not the consequence of the evolution of an 
intermediate-mass star of constant mass. 

Could it be that, instead, such stars become Type II supemo- 
vae? If one supposes that the rate at which stars are bom is 
given approximately by the Salpeter mass function (Salpeter 

1955) normalized to give one new star per year in the Galaxy, 
then the number of low- and intermediate-mass stars formed 
with initial mass larger than 1.4 M© is over 20 times the total 
supernova rate estimated for our Galaxy. Thus, a very firm 
conclusion is that most real intermediate-mass stars do not 
evolve to the supernova stage. Their lives must somehow be 
terminated before the mass of the CO core reaches the explo- 
sive stage. Real stars are aware of an instability, not inherent in 
the simple theory used to constmct quasi-static model stars, 
which causes them to eject their hydrogen-rich envelopes be- 
fore their CO cores reach explosive conditions. Estimates of 
the rate at which planetary nebulae are formed in the Galaxy 
are not inconsistent with estimates of the rate of star forma- 
tion, and it is tempting to believe that the immediate precur- 
sors of planetary nebulae are low- and intermediate-mass stars 
in the thermally pulsing stage. This topic will be pursued in 
§IX. 

Following the enforced ejection of most of its overlying hy- 
drogen-rich envelope, the remnant core of a model star of ini- 
tial mass 5 M© evolves rapidly to the blue in the H-R diagram 
along an essentially horizontal track, as shown in Figure 5. The 
luminosity of the model is still due to hydrogen burning in a 
thin shell, but, by the time the surface temperature of the 
model has increased to Te ~ 10,000 K, the total amount of 

Fig . 5.—Tracks in the H-R diagram of theoretical model stars of low ( 1 
Af©), intermediate ( 5 MG), and high (25 MQ) mass. Nuclear burning on a 
long time scale occurs along the heavy portions of each track. The places 
where first and second dredge-up episodes occur are indicated, as are the 
places along the AGB where thermal pulses begin. The third dredge-up 
process occurs during the thermal pulse phase, and it is here where one 
may expect the formation of carbon stars and ZrO-rich stars. The lumi- 
nosity where a given track turns off from the AGB is a conjecture based on 
comparison with the observations. From Iben (1985). 

© American Astronomical Society • Provided by the NASA Astrophysics Data System 

Iben (1991)

No C ignition; end 
product is a C-O white 
dwarf

Maximum mass of stable 
WD: 1.4 M⊙ 
(Chandrasekhar mass)



Type Ia SNe are believed to 
occur when a white dwarf 
becomes more massive than 
the Chandrasekhar limit 
(1.4 M⊙).

The WD then becomes 
unstable and explodes.

Exact physics of the 
accretion and explosion 
itself uncertain. However, 
light curves are empirically 
shown to be well behaved.

Nucleosynthesis in Type Ia SNe
The mass of a WD may exceed 
the Chandrasekhar limit if it 
accretes matter from a 
companion, or mergers with 
another WD.

The result is then believed to be 
a SN explosion of Type Ia.

(Observationally, the Type I vs 
Type II refers to absence or 
presence of H lines)
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Nucleosynthesis in Type Ia SNe

Nomoto et al. (1984)

Type Ia SNe produce large amounts of 56Ni (which then decays to 56Fe)
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Relative frequencies of Type la and Type II supernovae 949 

Figure 1. Abundance pattern from Type II supernova explosions. Relative abundances of synthesized heavy elements and their isotopes, 
normalized to the corresponding solar abundances, Xy/x^O), are shown by circles. The species indicated by open circles are not used in 
minimizing g(r) in equation (3), because of uncertainties involved in their abundances in Type II supernovae (see Section 2). 

Figure 2. Abundance pattern from Type la supernova explosions. The relative abundances of synthesized heavy elements and their isotopes, 
normalized to the corresponding solar abundances, x,/x,( G ), are shown by circles. 

or 
cs = l-lO-|o/Fe|"(Zo/ZFe)s/(Zo/ZFe)0, (9) 
where [0/Fe]n stands for the observed oxygen excess relative 
to iron for metal-poor stars with [Fe/H] ^ - 1. 

It is apparent from equations (7) and (8) that wIa and wn 
depend on the star formation history. If star formation occurs 
continuously in the solar neighbourhood (Gallagher, Hunter 
& Tutukov 1984), we would expect that wIa ~ vvn. If the star 
formation rate is not constant over the age of the Galaxy and 
has a peak as inferred from the metallicity distribution of 
solar-neighbourhood G dwarfs, the efficiency wIa might be 
slightly larger than wu. This naive argument gives a rough 

estimate of AIa/An ^0.184. Precise estimates of wla/wu, and 
therefore of /VIa/yVn, need models of galactic chemical evolu- 
tion, as we discuss below. 

3.2 Chemical evolution model for the solar neighbourhood 
We have made a simplified model of chemical evolution 
which is fairly standard, allowing material inflow from 
outside the considered zone (cf. Tinsley 1980). Technical 
details of the model are discussed fully in a separate paper 
(Yoshii et al. 1995) and we do not repeat them here. Among 
the input parameters summarized in Table 4, the time-scale 
tm of infall, the lifetime tVd of SN la progenitors, the power- 

©1995 RAS, MNRAS 277, 945-958 
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Tsujimoto et al. (1995)

SN Ia yields relative to Solar composition
Type Ia SNe can account for Fe-peak elements
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Figure 3. Solar abundance pattern based on synthesized heavy elements, from a composite of Type la and Type II supernova explosions with 
the most probable rato of rp. The relative abundances of synthesized heavy elements and their isotopes, normalized to the corresponding solar 
abundances, Xy/x^O), are shown by circles. The species indicated by open circles are not used in minimizing g{r) in equation (3), because of 
uncertainties involved in their abundances in Type II supemovae (see Section 2). The inset shows the minimizing function g(r) for which 
rp =0.09. 

Table 3. Relative contribution of SN la to the abundance of each 
species. 

Solar Neighborhood 
element (*) r-p =0.09 rp=0.08 

O 0.01/0.00 0.01 
Ne 0.00/0.00/0.02 0.00 
Na 0.00 0.00 
Mg 0.02/0.00/0.00 0.01 
Al 0.01 0.01 
Si 0.21/0.02/0.04 0.17 
P 0.06 0.05 
S 0.29/0.32/0.12 0.25 

Ar 0.29/0.12 0.24 
Ca 0.28 0.25 
Cr 0.45/0.45/0.55/0.55 0.44 
Mn 0.80 0.77 
Fe 0.84/0.57/0.63 0.57 
m 11.8770.52/0,49 0.79 

LMC 
»>=0.16 

0.03 
0.01 

0.03 

0.44 
0.43 
0.44 
0.65 
0.89 
0.76 
0.90 

SMC 
»>=0.19 

0.03 
0.01 
0.00 
0.03 

0.35 

0.48 
0.46 
0.48 
0.68 
0.90 
0.78 
0.91 

Note. The results for isotopic abundances are shown in the 
second column; otherwise, only results for element abundances 
are given. 

law index k of the star formation rate, and the present O and 
Fe abundances in the gas, Zg 0 and Zg Fe, are adjusted to 
reproduce the break in the [O/Fe] versus [Fe/H] diagram (Fig. 
5a) and the metallicity distribution of solar-neighbourhood 
G dwarfs (Fig. 5c). On the other hand, the present mass 
fraction/g of gas is taken from Young & Scoville (1991), and 
the oxygen excess [0/Fe]„ for metal-poor stars is taken from 
various references (Fig. 5a). 

Using these input parameters, we calculate the evolu- 
tionary behaviour of O and Fe abundances in the gas and 
stars. The calculated quantities relevant to our discussion are 
given in Table 4 and the features of the model are shown in 

Figs 5(a)-(d). The model O and Fe distributions of stars (Figs 
5c and d) can be used to compute the stellar average O and 
Fe abundances, Zs 0 and Zs Fe, and then wIa and vvn can be 
obtained from equations (6) and (7). We have confirmed 
from the model that wIa is slightly larger than vvn, and we 
obtain, finally, 7VIa/7Vn = 0.15. This ratio would be slightly 
smaller if m, were smaller than 10 M0, due to the different 
normalization in Mn according to equations (1) and (6). For 
example, if m, = 8 M0, the ratio would be = 0.15 x 
(8/10)135 = 0.11. We note that this is the ratio between the 
total numbers of SNe la and SNe II that have ever occurred 
in the Galaxy. If the star formation rate were almost constant, 
as in the solar neighbourhood, the number ratio obtained 
here would be close to the ratio of the SNe la to SNe II (and 
the associated SNe Ib/Ic) occurence rates in the recent past. 
Analyses of the observed rates of supernova explosions give 
^ia/Ai/ib/ic ~ 0.15 (van den Bergh & Tammann 1991) and ~ 
0.10 in Sbc-Sc galaxies (Tammann 1993), in good agreement 
with our estimate based on the nucleosynthesis arguments. 

4 THE LMC AND SMC ABUNDANCE 
PATTERNS 
4.1 Relative contributions of Type la and II supernovae 

Fig. 6 shows a summary of the observed abundances of 
heavy elements in the LMC and SMC compiled by Russell & 
Dopita (1992). The heavy-element abundances for the MCs 
are deficient by a factor of 2-4 relative to their solar 
abundances. The MC abundance patterns are also different 
from the solar abundance pattern; for example, the O/Fe 
ratio in the MCs is smaller than the solar ratio. As the O 
production is dominated by SNe II and Fe production is 
dominated by SNe la, the different O/Fe ratio suggests a 
different relative frequency between these types of super- 
novae. 

©1995 RAS, MNRAS 277, 945-958 
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Tsujimoto et al. (1995)

SNIa+II combined
Best fit: SN Ia contribute about 9% of the metals



Nucleosynthesis in AGB stars
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Fig. 4.—Interior composition, position of the helium-burning shell, 
and position of the base of the convective envelope during the second 
dredge-up episode in a model of mass 7 MQ. Adapted from Becker and 
Iben ( 1979). 

tail in § VIII. Suffice it to say here that ( 1 ) hydrogen and he- 
lium bum alternately in shells, (2) the ignition of helium is 
mildly explosive, ( 3 ) extensive nucleosynthesis involving the 
capture of neutrons builds up hundreds of neutron-rich iso- 
topes, and (4) these isotopes, along with carbon, the major 
product of incomplete helium burning, are brought to the sur- 
face in a series of “third dredge-up” episodes. This phase of 
evolution is sometimes called the thermally pulsing AGB 
phase. 

In theoretical models of constant mass, this phase continues 
until the mass of the carbon-oxygen core reaches ~ 1.4 M©, the 
effective Chandrasekhar limit, at which point carbon is ignited 
in the core (Hoyle and Fowler 1966; Amett 1969). After a 
brief episode during which neutrino losses by a generalized 
Urea process balance the energy generated by carbon burning 
(Paczynski 1972; Couch and Arnett 1975; Iben 1978a, b; 
1982a; Barkat and Wheeler 1990), the rate of carbon burning 
increases exponentially, creating a burning front that works its 
way to the surface, converting matter into iron-peak elements 
and imparting greater than escape velocity to this matter. In 
short, the core is completely disrupted (Amett 1969). The ki- 
netic energy associated with the explosion is comparable with 
the kinetic energy of the matter ejected by a Type la super- 
nova. However, the mass of the hydrogen-rich envelope of the 
model is large enough that the highly processed core material 
will be diluted with hydrogen to such an extent that hydrogen 
lines would prominently appear in the spectrum of a real coun- 
terpart. Since one of the major defining features of a Type la 
supernova is the absence of hydrogen lines, it is clear that Type 
la supemovae are not the consequence of the evolution of an 
intermediate-mass star of constant mass. 

Could it be that, instead, such stars become Type II supemo- 
vae? If one supposes that the rate at which stars are bom is 
given approximately by the Salpeter mass function (Salpeter 

1955) normalized to give one new star per year in the Galaxy, 
then the number of low- and intermediate-mass stars formed 
with initial mass larger than 1.4 M© is over 20 times the total 
supernova rate estimated for our Galaxy. Thus, a very firm 
conclusion is that most real intermediate-mass stars do not 
evolve to the supernova stage. Their lives must somehow be 
terminated before the mass of the CO core reaches the explo- 
sive stage. Real stars are aware of an instability, not inherent in 
the simple theory used to constmct quasi-static model stars, 
which causes them to eject their hydrogen-rich envelopes be- 
fore their CO cores reach explosive conditions. Estimates of 
the rate at which planetary nebulae are formed in the Galaxy 
are not inconsistent with estimates of the rate of star forma- 
tion, and it is tempting to believe that the immediate precur- 
sors of planetary nebulae are low- and intermediate-mass stars 
in the thermally pulsing stage. This topic will be pursued in 
§IX. 

Following the enforced ejection of most of its overlying hy- 
drogen-rich envelope, the remnant core of a model star of ini- 
tial mass 5 M© evolves rapidly to the blue in the H-R diagram 
along an essentially horizontal track, as shown in Figure 5. The 
luminosity of the model is still due to hydrogen burning in a 
thin shell, but, by the time the surface temperature of the 
model has increased to Te ~ 10,000 K, the total amount of 

Fig . 5.—Tracks in the H-R diagram of theoretical model stars of low ( 1 
Af©), intermediate ( 5 MG), and high (25 MQ) mass. Nuclear burning on a 
long time scale occurs along the heavy portions of each track. The places 
where first and second dredge-up episodes occur are indicated, as are the 
places along the AGB where thermal pulses begin. The third dredge-up 
process occurs during the thermal pulse phase, and it is here where one 
may expect the formation of carbon stars and ZrO-rich stars. The lumi- 
nosity where a given track turns off from the AGB is a conjecture based on 
comparison with the observations. From Iben (1985). 

© American Astronomical Society • Provided by the NASA Astrophysics Data System 

Stars on the asymptotic giant 
branch (AGB) undergo “dredge-
ups” that bring products of H 
and He-burning (e.g. C) to the 
surface.

Also: 
Neutrons are produced, e.g. via 
13C + α ➝ 16O + n

This enables the synthesis of slow 
neutron capture (s-process) 
elements.



n-capture nucleosynthesis

https://en.wikipedia.org/wiki/S-process

Elements beyond the iron-peak can be synthesised by n-
capture reactions.

s-process (AGB stars): capture “path” is interrupted by β-decay.
r-process (SNe): enough neutrons that even β-unstable nuclei can 
capture another neutron before decaying.



We can account for the Solar (system) composition 
by choosing a suitable combination of Type Ia and 
Type II SN nucleosynthesis.

But the overall scaling, and the relative contributions, 
have so far been treated as free parameters.

Next:
We need a real Galactic Chemical Evolution model.



Important concepts
• Metals: All elements with atomic number > 2  

(everything except H and He)

• (X, Y, Z) = fractions (by weight) of (H, He, metals).  
Z ~ 0.019 for the Sun

• [Fe/H] = log10 (NFe/NH) - log10 (NFe/NH)⊙.  
Example:   
  Solar iron abundance:               [Fe/H] = 0  
  100x less iron than the Sun:      [Fe/H] = -2

• Bracket notation also used for other elements/ratios, 
e.g.:  
[O/Fe] = log10 (NO/NFe) - Log10 (NO/NFe)⊙.

24



GCE: General expressions

Pagel: “Nucleosynthesis and Chemical Evolution of Galaxies”, Cambridge Univ. Press, 2007

Total (baryonic) mass: M = Mg +Ms
<latexit sha1_base64="E4V4spgI7BoYQYBVD+FuwUInFPU=">AAACD3icbVDLSsNAFJ34rPVVdelmsAiCUFIR7UYo6MJNoYKxhSaUyWTaDp1HnJkoJeQn3LjVv3Albv0Ef8JvcNpmoa0H7uVwzr3cywljRrVx3S9nYXFpeWW1sFZc39jc2i7t7N5pmShMPCyZVO0QacKoIJ6hhpF2rAjiISOtcHg59lsPRGkqxa0ZxSTgqC9oj2JkrBQ04AVsdPvw2HbdLZXdijsBnCfVnJRBjma39O1HEiecCIMZ0rpTdWMTpEgZihnJin6iSYzwEPVJx1KBONFBOnk6g4dWiWBPKlvCwIn6eyNFXOsRD+0kR2agZ72x+J/XSUyvFqRUxIkhAk8P9RIGjYTjBGBEFcGGjSxBWFH7K8QDpBA2NqeiL8gjlpwjEaX+VZb64wOKp1GWFW1A1dk45ol3UjmruDen5XotT6oA9sEBOAJVcA7q4Bo0gQcwuAfP4AW8Ok/Om/PufExHF5x8Zw/8gfP5A9/snDE=</latexit><latexit sha1_base64="E4V4spgI7BoYQYBVD+FuwUInFPU=">AAACD3icbVDLSsNAFJ34rPVVdelmsAiCUFIR7UYo6MJNoYKxhSaUyWTaDp1HnJkoJeQn3LjVv3Albv0Ef8JvcNpmoa0H7uVwzr3cywljRrVx3S9nYXFpeWW1sFZc39jc2i7t7N5pmShMPCyZVO0QacKoIJ6hhpF2rAjiISOtcHg59lsPRGkqxa0ZxSTgqC9oj2JkrBQ04AVsdPvw2HbdLZXdijsBnCfVnJRBjma39O1HEiecCIMZ0rpTdWMTpEgZihnJin6iSYzwEPVJx1KBONFBOnk6g4dWiWBPKlvCwIn6eyNFXOsRD+0kR2agZ72x+J/XSUyvFqRUxIkhAk8P9RIGjYTjBGBEFcGGjSxBWFH7K8QDpBA2NqeiL8gjlpwjEaX+VZb64wOKp1GWFW1A1dk45ol3UjmruDen5XotT6oA9sEBOAJVcA7q4Bo0gQcwuAfP4AW8Ok/Om/PufExHF5x8Zw/8gfP5A9/snDE=</latexit>

gas + stars

dM

dt
= racc � rej

<latexit sha1_base64="zNi5jB9ZJT2R/li1L4j2WgjfxMU="></latexit><latexit sha1_base64="zNi5jB9ZJT2R/li1L4j2WgjfxMU="></latexit>

racc, rej = rates of accretion, ejection

dMg

dt
= racc � rej + e�  

<latexit sha1_base64="OwXfHbH+uHlbejfzIY3B85fg25E="></latexit><latexit sha1_base64="OwXfHbH+uHlbejfzIY3B85fg25E="></latexit>

e = rate of matter ejection from stars
𝜓 = star formation rate

dMs

dt
=  � e

<latexit sha1_base64="5/jnSSG2U9VBPr7R0JYdoEdKeqQ="></latexit><latexit sha1_base64="5/jnSSG2U9VBPr7R0JYdoEdKeqQ="></latexit>

d(MgZ)

dt
= eZ � Z + Zaccracc � Zejrej

<latexit sha1_base64="ksFcGP4Ou2SvRoeTgvu67bvOips="></latexit><latexit sha1_base64="ksFcGP4Ou2SvRoeTgvu67bvOips="></latexit>



GCE equations

e(t) =

Z mU

m⌧=t

(m�mrem) [t� ⌧(m)]�(m) dm
<latexit sha1_base64="euaIzrER9zyZN9AES97OEDYgPzc="></latexit><latexit sha1_base64="euaIzrER9zyZN9AES97OEDYgPzc="></latexit>

Matter ejection from stars:

lifetime of 
star with 
mass m

Initial 
mass 

function

Pagel: “Nucleosynthesis and Chemical Evolution of Galaxies”, Cambridge Univ. Press, 2007

Matter ejection from stars, in specific element Zi:

Unprocessed material, 
re-released to ISM

Freshly 
produced 
elements

eZi(t) =

Z mU

m⌧=t

[(m�mrem)Zi(t� ⌧(m)) +mqZi(m)] [t� ⌧(m)]�(m) dm
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Simple models for 
Galactic Chemical Evolution

• Closed box

• Leaky box 

• Accreting box
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The “Closed Box” model
• Closed system - no material can enter or leave 

the box.

• Initially, the box only contains gas (no stars)

• Evolution is followed in (small) time steps, 
during which:
• Part of the gas is converted into stars

• Some of these stars have very long lifetimes and act as passive 
“remnants”

• The rest explode as SNe immediately (within one time step) and 
return their nucleosynthetic products (“metals”) to the gas

• The metals are immediately mixed with the gas
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Closed box model:
A galaxy may be imagined as consisting of concentric zones 
that evolve independently of each other.

• Gas mass = Mg

• Mass in metals = Mh

• Mass locked up in remnants = Ms

• Metallicity = Z = Mh/Mg.

In each zone:
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The “Closed Box” model in words:
• In one time step:

• Metals are produced.  These are immediately mixed with the gas in 
the box (instantaneous recycling approximation)

• Ms increases by an amount δMs 

• Mg decreases by the same amount, δMg = -δMs

• New metals produced = p δMs, where p is the yield.  
Yield depends on 
 a) Stellar nucleosynthesis  
 b) The relative numbers of high- and low-mass stars 
     (i.e., the Initial Mass Function, IMF).

• Mh:  
 Increases by p δMs (just produced),  
 Decreases by Z δMs (locked up in remnants)
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The Closed Box model:
Change in metallicity during a time step δt:

δZ = δ

(

Mh

Mg

)

=

δMh

Mg
−

Mh

M2
g

δMg

δZ = −pδMg/Mg

=
1

Mg

(

δMh −

Mh

Mg
δMg

)

=
1

Mg

(pδMs − ZδMs − ZδMg)

=
1

Mg

(−pδMg + ZδMg − ZδMg) δMg = −δMs

If p is constant and Z=0 initially, then

Z(t) = −p

∫ Mg(t)

Mg(0)
M−1

g dMg = −p [lnMg(t) − lnMg(0)] = −p ln
Mg(t)

Mg(0)
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Metallicity versus f(gas) (p=0.02)
The metallicity only 
depends on the gas 
fraction and p (under the 
assumptions made so 
far)

Gas-poor systems are 
metal-rich and vice versa.

p
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Z(t) = −p ln
Mg(t)

Mg(0)

Ms(Z < Z(t)) = M0(1 − e
−Z(t)/p)

The cumulative metallicity distribution is then

= −p ln fgas

fgas ≡

Mg

Mg + Ms

=
Mg(t)

Mg(0)

Z(t) = −p ln fgas fgas(t) = e−Z(t)/pso

The differential metallicity distribution is:

dMs

dZ
=

M0

p
e−Z/p

Stars formed until time t have Z < Z(t), so

= Mg(0)(1 − fgas(t))

Ms(Z < Z(t)) = Ms(t) = Mg(0) − Mg(t) = Mg(0)

(

1 −

Mg(t)

Mg(0)

)

What is the metallicity distribution of stars?
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Average metallicity
Differential metallicity distribution:

dM

dZ
⌘ n(Z) =

M0

p
e�Z/p
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The average metallicity is then

hZi =
R Z

max

0 Zn(Z)dZ
R Z

max

0 n(Z)dZ
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=

R �p ln fgas
0 Zn(Z)dZ
R �p ln fgas
0 n(Z)dZ
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= p

✓
1 +

fgas ln fgas
1� fgas

◆
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Average metallicity: <Z> → p as fgas → 0
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Chemical evolution

• The time scale for chemical enrichment is 
note important in the closed-box model with 
instantaneous recycling

• A brief, intense burst of star formation gives 
the same metallicity distribution as more 
continuous star formation.
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Metallicities of stars near the Sun

The closed-box model predicts too many metal-poor 
stars. This is known as the G-dwarf problem.
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Zoccali et al.  2003, A&A 399, 931

dotted line = Closed box model

Metallicity distribution 
of stars in the bulge 
agrees well with the 
closed-box model.

No G-dwarf problem in 
the bulge!

Metallicities of stars in the Bulge
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Data from Harris 1996, AJ 112, 1487

The closed-box model is 
consistent with the metallicity 
distribution of metal-poor 
(‘halo’) globular clusters.

But maybe a hint at a “G-dwarf 
problem” for GCs?

However, the required yield is 
much smaller than for the bulge/
disc!

Metallicities of globular clusters
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Metallicities of halo stars
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Modifications to the 
closed box model

• “Leaky box”: Gas outflows (for example, due 
to feedback from stellar winds and SN 
explosions)

• “Accreting box”: Gas inflows (e.g. 
intergalactic gas)

41



APOD 14.04.2006

Galactic wind in starburst galaxy M82
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Figure 1 Brightness temperature map of HVCs (HI with |vLSR| > 90 km/s). Contours at 0.04, 0.5, and 1.5K. Common names of some

complexes are indicated. Background sources in which high-velocity absorption has been detected or claimed are indicated (see Table 3,

and Section 4).Table 4,

Annu. Rev. Astro. Astrophys. 1997.35:217-266. Downloaded from arjournals.annualreviews.org
by Utrecht University on 04/17/07. For personal use only.

High-velocity gas clouds around the Milky Way
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Leaky box
The gas mass decreases due to star formation and outflows:

δMg = −δMs − cδMs 1) star formation  2) outflows

Mg(t) = Mg(0) − Ms − cMs

= Mg(0) − (1 + c)Ms Initially, there is only gas

Extra term due to outflowsδMh = pδMs − ZδMs − ZcδMs

δZ = δ

(

Mh

Mg

)

=
1

Mg

(

δMh −

Mh

Mg
δMg

)

=
1

Mg

(pδMs)

Same as closed box

δZ =
pδMs

Mg(0) − (1 + c)Ms

δZ =
1

Mg

(pδMs − ZδMs − ZcδMs − Z(−δMs − cδMs))
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Ms(Z < Z(t)) = M0(1 − e
−Z(t)/p)

Closed box:

Leaky box:

Ms(Z < Z(t)) =
M0

(1 + c)

[

1 − exp

(

−

Z(1 + c)

p

)]

[Effective yield reduced by factor (1+c)]
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Accreting box
Assume “steady state” situation: Mg = const (gas inflow 
equal to star formation rate).  
If the inflowing gas is metal-free, then in each time step:

• δMg of gas added to ISM, Mh unchanged

• δMs stars formed: Mh decreases by Z δMg 

• δMh = p δMs = p δMg metals returned to ISM

• Net effect: An amount Z δMg of metals is replaced by p δMg

• The metallicity of the gas converges to the yield p
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Lower fraction of 
metal-poor stars in 
the accreting box 
models

Solution to the G-
dwarf problem?

leaky box (c=0.5)

closed box

accreting box (Mg/Mt=0.1)

All models: p=0.02
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Closed box

Accreting box

Assuming p=0.01

Closed box: Mg(now) = 0.1 Mg(0) ~ 0.11 Ms(now)

Accreting box: Mg = 0.1 Ms(now)

If ISM is well mixed at all 
times, then there exists a 
unique relation between Z 
and Age.

This relation depends on 
the star formation history 
and details of the chemical 
evolution model (closed/
accreting/leaky box, etc.)

Can we constrain the age-
metallicity relation 
observationally?
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The α/Fe ratio

• “Alpha”-elements (16O, 20Ne, 24Mg, 28Si, 32S, 36A, 40Ca) are 
preferentially produced in massive stars and returned to the ISM 
by Type II SNe.

• Type Ia SNe preferentially produce Fe 

• Type II SNe explode almost immediately, while Type Ia SNe can 
have a long delay (~108-109 yr).

• Stars that formed early are thus rich in alpha-elements, 
compared to stars that formed later
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Delay = 50 steps 

Initially,Type II SNe produce Alpha-elements (and some iron).
After 50 time steps Type Ia SNe kick in and produce extra iron.
[α/Fe] thus decreases.

Type II Type Ia + II
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Log (Alpha/Fe) versus time

The α/Fe ratio is initially given by the relative yields in Type II SNe.
The α/Fe ratio later decreases as Type Ia SNe add more iron.
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The “knee” in this plot corresponds to the level of iron enrichment that 
had been reached when Type Ia SNe started to contribute.

53



1
9
9
5
M
N
R
A
S
.
2
7
6
.
.
5
0
5
P

Pagel & 
Tautvaisiene 

(1995)

54



Alpha-elements in the Bulge

Circles: [Ti/Fe]
Plus: [Mg/Fe]
Line: Disc

McWilliam & Rich 1994, ApJS 91, 749

In the bulge, also  
metal-rich stars 
have a high α/Fe-
ratio
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A&A 511, L10 (2010)

spectroscopic binaries and excluded. All FIES stars and most
of the UVES stars are brighter than V = 11.1, three having
V = 11.2, 12.2, and 12.8. The average distance is 115 pc with
Dmax = 335 pc.

The UVES spectra cover the spectral region 4800–6800 Å
and have resolutions R ≃ 55 000 and signal-to-noise ratios (S/N)
from 250 to 500. The FIES spectra range from 4000 to 7000 Å,
but only the 4700–6400Å region was employed, with a resolu-
tion R ≃ 40 000 and S/N ≃ 140–200. The majority of the UVES
stars had reduced spectra available in the archive, but for stars
observed with an image slicer, the raw data were reduced using
the echelle package in IRAF. The FIES data were handled by
FIEStool, a data reduction package developed by E. Stempels.

Equivalent widths (EWs) of 130 to 180 atomic lines were
measured for each star. The large majority of the lines have EWs
between 2 and 90 mÅ. For six stars, both UVES and FIES spec-
tra are available. The average EW difference (FIES – UVES) is
0.6 mÅ with a rms deviation of 1.3 mÅ.

3. Stellar parameters and abundances

Element abundances are derived from EWs using the Uppsala
EQWIDH program together with model atmospheres interpo-
lated from the new MARCS grid (Gustafsson et al. 2008). Two
sets of models are available with different values of [α/Fe],
which makes it possible to interpolate to a model having the
same [α/Fe] as the star. Local thermodynamic equilibrium (LTE)
is assumed in the line calculations, and line broadening caused
by microturbulence, ξturb, and collisional damping is included.

The abundance analysis is performed differentially with re-
spect to two bright thick-disk stars, HD 22879 and HD 76932.
Their effective temperatures are determined from (b−y) and
(V−K) using the calibrations of Ramírez & Meléndez (2005).
Surface gravities are derived from Hipparcos parallaxes as de-
scribed by Nissen et al. (2004), and chemical abundances from
a differential analysis with respect to the Sun, using a subset of
∼80 lines, which are relatively unblended in the solar flux spec-
trum of Kurucz et al. (1984). In an “inverted” abundance analy-
sis, the data from the star-Sun analysis are then used to determine
g f -values for the whole set of ∼180 lines. These g f -values are
applied for the abundance analysis of all program stars.

We then determine Teff so that the [Fe/H] derived from the
Fe I lines is independent of excitation potential. As the Fe I lines
are also used to determine ξturb by minimizing the dependence of
[Fe/H] on EW, iteration is needed to obtain consistent values of
Teff and ξturb. We estimate a differential error of σ(Teff) = ±30 K
by comparing Teff values derived from the Fe I excitation balance
with those inferred from (b−y) and (V−K) colors for a subset of
44 nearby stars that appear to be unreddened according to the ab-
sence of interstellar NaD lines. The surface gravity is estimated
by ensuring that Fe I and Fe II lines provide consistent Fe abun-
dances. Comparison of these spectroscopic gravities with values
determined from Hipparcos parallaxes for the nearby stars shows
that log g is determined differentially to a precision of 0.05 dex.

The derived abundance ratios of Na, Mg, Si, Ca, Ti, Cr, and
Ni with respect to Fe are given in Tables 3 and 4. All abun-
dance ratios are based on neutral lines. The numbers of the lines
applied are Na I 2–5, Mg I 1–2, Si I 5–10, Ca I 6–9, Ti I 9–14,
Cr I 4–7, Fe I 70–92, Fe II 14–16, and Ni I 20–27, where the first
number refers to the most metal-poor stars, and the last to the
most metal-rich.

The errors in the abundance ratios were estimated by com-
paring results obtained from UVES and FIES spectra for the six

Fig. 1. [Mg/Fe] and [α/Fe] versus [Fe/H]. Crosses refer to thick-disk
stars and circles to halo stars observed with UVES. Triangles indicate
halo stars with FIES spectra. Halo stars above the long-dashed line in
the [Mg/Fe] diagram are defined as belonging to the high-α population
and are indicated by open (blue) symbols. The stars below the long-
dashed line are defined to be low-α stars and are shown with filled (red)
symbols. Based on [Mg/Fe], this classification is maintained in all the
following figures. The components of a visual binary star, G 112-43 and
G 112-44, are connected by a straight line.

stars observed with both instruments (see Tables 3 and 4). The
spectra of these stars have typical S/N, except HD 189558 that
has an unusually high quality FIES spectrum (S/N ≃ 350). This
comparison shows that differential values of [Fe/H], [Na/Fe],
[Mg/Fe], and [Si/Fe] are determined to a 1-σ precision of 0.03
to 0.04 dex, whereas the precision of [Ca/Fe], [Ti/Fe], [Cr/Fe],
and [α/Fe] is about 0.02 dex. The error in [Ni/Fe] is as small as
0.01 dex, because of the many Fe I and Ni I lines available. We
note that errors in the abundance ratios caused by errors in Teff
and log g are small compared to errors induced by the EW mea-
surements, because all ratios are derived from neutral atomic
lines with similar sensitivity to Teff and log g.

Figure 1 shows [Mg/Fe] and [α/Fe] as a function of [Fe/H].
We note that there are no systematic offsets between the UVES
and the FIES data. The corresponding figure for [Si/Fe], [Ca/Fe],
and [Ti/Fe] is shown in the Online Section. As can be seen, the
halo stars consist of two distinct populations, the “high-α” stars
with a nearly constant [α/Fe] and the “low-α” stars with a de-
clining [α/Fe] as a function of increasing metallicity. A classi-
fication into these two populations was performed on the basis
of [Mg/Fe]. In the range −1.6 < [Fe/H] < −1.4, the two pop-
ulations tend to merge, and the classification is less clear. The
high-α and low-α halo populations also separate well in [Na/Fe]
and [Ni/Fe] with the exceptions of two Na-rich stars. The abun-
dance differences can be seen directly from the observed spectra
as shown in the Online section.

The scatter in the abundance ratios for the high-α and thick-
disk stars relative to the best-fit linear relations is 0.032 dex for
[Mg/Fe] and 0.030 dex for [α/Fe]. This is similar to the estimated
errors of the analysis. For the low-α stars, there are, however,
abundance differences from the trends that cannot be explained
by the errors alone, especially in the case of [Na/Fe] and [Ni/Fe].
The clear correlation between these ratios (Fig. 2) confirms that
cosmic variations in these ratios are present at a given [Fe/H].

Page 2 of 9

Two halo populations!

Nissen & Schuster 2010

‘+’: Thick disc
o,△ : halo stars   
      (two diff. instr.)

Two sequences of 
halo stars, “low” and 
“high” alpha.

Both are “old” 
(10-13 Gyr)
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P. E. Nissen and W. J. Schuster: Two distinct halo populations in the solar neighborhood

Fig. 5. [Si/Fe], [Ca/Fe], and [Ti/Fe] as a function of [Fe/H]. The same
symbols as in Fig. 1 are used.

Fig. 6. [Na/Fe], [Cr/Fe], and [Ni/Fe] as a function of [Fe/H]. The same
symbols as in Fig. 1 are used.

Fig. 7. UVES spectra of two stars with nearly the same atmo-
spheric parameters Teff , log g, and [Fe/H]. The spectrum of the
low-α star CD−45 3283 (Teff = 5597 K, log g= 4.55, [Fe/H]=−0.91,
[α/Fe]= 0.12) is shown with a red line and that of the high-α star G 159-
50 (Teff = 5624 K, log g= 4.37, [Fe/H]=−0.93, [α/Fe]= 0.31) with a
green line. The Fe lines have the same strength in the two spectra, but
the Na, Mg, Si, and Ni lines are significantly weaker in the spectrum of
the low-α star.

Fig. 8. WLSR versus ULSR for stars with [Fe/H] > −1.4. The same sym-
bols as in Fig. 3 are used.

Page 5 of 9

Nissen & Schuster 2010

Spectra of low-alpha and 
high-alpha stars.

Similar [Fe/H], 
temperature, log g
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W. J. Schuster et al.: Two distinct halo populations in the solar neighborhood. III.

Table 2. Average, weighted ages (in Gyr) with mean errors and the number of stars, for five ranges in [Fe/H] and for the four components mentioned
in the text: “high-alpha” halo, “low-alpha” halo, thick-disk, and “high-alpha” halo plus thick-disk.

Group/[Fe/H]: [−1.40,−1.20] [−1.20,−0.975] [−0.975,−0.775] [−0.775,−0.575] [−0.575,−0.40]
⟨Age⟩ σ N ⟨Age⟩ σ N ⟨Age⟩ σ N ⟨Age⟩ σ N ⟨Age⟩ σ N

“low-alpha” halo 11.14 ±0.42 5 10.78 ±0.24 10 10.46 ±0.32 10 · · · · · · · · · · · · · · · · · ·
“high-alpha” halo 11.70 ±0.51 4 14.47 ±0.62 3 12.66 ±0.67 2 11.35 ±0.33 13 9.07 ±0.43 6
thick-disk 11.60 ±0.80 1 12.01 ±0.54 6 11.56 ±0.50 3 10.46 ±0.58 3 · · · · · · · · ·
“high-alpha” + thick-disk 11.67 ±0.43 5 13.07 ±0.41 9 11.95 ±0.40 5 11.12 ±0.29 16 9.07 ±0.43 6

Fig. 6. The log g–log Teff diagram for stars with −0.975 < [Fe/H] <
−0.775. Y2 isochrones corresponding to [Fe/H] = −0.875 and [α/Fe] =
+0.215 are over-plotted in steps of 1 Gyr from 5 to 20 Gyr. The symbols
as in Fig. 5.

“high-α” and “low-α” populations from the [α/Fe]–[Fe/H] di-
agram. In the metallicity range −1.6 < [Fe/H] < −1.4, the
two halo populations tend to merge in [α/Fe], and the classifi-
cation is less clear. For this reason, all following figures with
orbital parameters are confined to stars having [Fe/H] > −1.4,
i.e. 35 “high-α”, 32 “low-α”, and 16 thick-disk stars.

With these kinematic data, Galactic orbits of the stars were
computed backward in time 1, 2, and 5 Gyr in a detailed semi-
analytic model of the Milky Way potential, which has been
constrained to fit numerous observations of the Galactic bar
and spiral arms. The Bulirsch-Stoer algorithm given by Press
et al. (1992) was used in the computations of the Galactic stel-
lar orbits. Orbital parameters such as rmax, zmax, and emax have
been derived, where these are the maximum distances from the
Galactic center and from the Galactic disk, and the maximum or-
bital eccentricity obtained during the orbital excursions of these
integrations, respectively. The orbital integrations were carried
out with both symmetrical and non-symmetrical models. The
more complicated and more realistic non-symmetrical model
includes an axisymmetric background potential as well as non-
axisymmetric Galactic components: bar and spiral arms. The ax-
isymmetric model used, with bulge, disk, and dark halo compo-
nents, is the Galactic model of Allen & Santillán (1991), scaled

Fig. 7. Toomre diagram for “high-α” halo, “low-α” halo, and thick-disk
stars with [Fe/H] > −1.4. The same symbols as in Fig. 5 are used. The
long-dashed line corresponds to Vtotal = 180 km s−1 .

to give a rotational velocity of 254 km s−1 at the solar position,
a value recently found by Reid et al. (2009). The Sun-Galactic
center distance has been taken as R0 = 8.5 kpc, which is within
the range found by Reid et al. (2009) (R0 = 8.6±0.6 kpc). In the
Galactic potential the original scaled disk and bulge components
of the axisymmetric model are modified in order to introduce the
bar and spiral arms, keeping the same original scaled mass. All
the mass in the original scaled spherical bulge is now used to
build the bar, and a fraction of the mass of the original scaled
disk is employed to build the spiral arms. Thus the remaining
axisymmetric components are just the diminished disk and the
original scaled spherical dark halo.

The Galactic three-dimensional potential for the spiral arms
are modeled following Pichardo et al. (2003). The spiral arms
consist of a superposition of inhomogeneous oblate spheroids,
which can be adjustable to better represent the available ob-
servations of the Galactic spiral arms. The spiral arms in the
model trace the locus found by Drimmel & Spergel (2001), from
K-band observations. The total mass of these arms is 3% of the
mass of the scaled axisymmetric disk. With this mass the mean
ratio of the radial force due to the arms to that of the axisym-
metric background is around 10%, in agreement with the es-
timations by Patsis et al. (1991) for Milky Way-type galaxies.
Also, the parameter Qt, which is the ratio of the maximum az-
imuthal force of the spiral arms at a given Galactocentric dis-
tance on the Galactic plane, to the radial axisymmetric force at

A21, page 7 of 18

UV

W

Kinematics

Schuster & Nissen 2012

o Low alpha
o High alpha

The “low alpha” stars 
have the highest 
velocities with respect 
to the Sun
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A&A 538, A21 (2012)

Fig. 12. The “high-alpha” halo, “low-alpha” halo, and thick-disk stars
are plotted in the [Mg/Fe] vs. rmax diagram for orbital integration times
of 5 Gyr and for the axisymmetric Galactic potential in the upper panel,
and non-axisymmetric in the lower. The symbols as in Fig. 5.

some additional very important clues concerning the origins of
these two halo components detected here in the Solar vicinity.
For example, in Figs. 12 and 13, the abundances [Mg/Fe] and
[Na/Fe], respectively, are plotted as a function of the maximum
distances from the Galactic center reached by these stars in the
last 5 Gyr, with the same symbols as in Fig. 5. And, in Figs. 10
and 11, the same abundances with the same symbols, respec-
tively, are plotted as a function of the maximum orbital eccen-
tricities reached by these stars in 5 Gyr. In all of the plots ver-
sus rmax the “low-alpha” halo stars reach much greater distances
from the Galactic center than the “high-alpha” halo stars, and
in all four of these plots there seems to be a correlation of de-
creasing [Mg/Fe] or [Na/Fe] values with increasing rmax for the
“low-alpha” halo stars. The “high-alpha” halo stars reach a lim-
iting rmax value of about 16 kpc, while the “low-alpha” halo stars
go out as far as 30–40 kpc in some cases. In the plots versus the
orbital eccentricities, “high-alpha” halo stars have on the aver-
age more circular orbits with a more or less uniform distribution
over 0.4 <∼ emax <∼ 1.0, while the “low-alpha” ones are largely
clumped at emax >∼ 0.85 with only a few exceptions. One might
conclude that these results support the ideas of Zolotov et al.
(2009, 2010), since the “high-alpha” halo stars populate exclu-
sively the inner halo, (rmax <∼ 16), and exhibit a wider, uniform
range in orbital eccentricities, which might be expected for stars
kicked out of a primeval bulge or primeval disk by merger or
accretion events.

However, most (>∼80%) of the in situ halo stars of Zolotov
et al. (2009, 2010) reside within the inner ∼10 kpc of their sim-
ulated halos (see Fig. 2 of Zolotov et al. 2009, or Sect. 2.1 of
Zolotov et al. 2010), contrasting with our limit here of about
16 kpc for the “high-alpha” halo stars. In addition, it is not
clear whether the [α/Fe] abundances of stars now residing in the
Galactic Bulge are higher than those of the thick disk (Zoccali
et al. 2006; Lecureur et al. 2007), or the same as the thick
disk (Gonzalez et al. 2011), and in our abundance diagrams the
thick-disk stars follow, or extend uniformly, the abundances of
the “high-alpha” halo stars. These facts would suggest that the

Fig. 13. The “high-alpha” halo, “low-alpha” halo, and thick-disk stars
are plotted in the [Na/Fe] vs. rmax diagram for orbital integration times
of 5 Gyr and for the axisymmetric Galactic potential in the upper panel,
and non-axisymmetric in the lower. The symbols as in Fig. 5.

displacement of in situ stars into the inner halo, as proposed
by Zolotov et al. (2009, 2010), did not occur exclusively from
the primeval bulge but also from a primeval disk, or thick disk,
which extended out to nearly 16 kpc from the center of the
Galaxy (Purcell et al. 2010).

The [O/Fe] versus [Fe/H] diagrams from Zolotov et al.
(2010; Fig. 3) fit fairly well the [α/Fe] diagrams of our Paper I
(especially their models MW1 and h277), and they conclude that
a galaxy which has had a long quiescent period, ≈9 Gyr, with-
out any major mergers, should have a fairly high proportion of
in situ halo stars (≈20%–50%) as compared to the percentage
of halo stars from mergers or accretions. A galaxy with many
more recent mergers might have an in situ halo contribution as
low as 5%. Our sample includes 35 (52%) “high-alpha” halo
stars and 32 (48%) of the “low-alpha” halo stars, all from the so-
lar neighborhood, and so these percentages for our “high-” and
“low-alpha” halo stars agree with their large ages, 10–13 Gyr,
qualitatively at least, according to these models. As mentioned
above, our age determinations confirm that the Galaxy seems to
have had a rather long quiescent period, without any major merg-
ers, after the first events which formed the primeval Galaxy.

Dual-accretion ΛCDM models for the Galaxy (Font et al.
2006a; Robertson et al. 2005) in general do not fit as well the de-
tails of the [α/Fe], or [Mg/Fe], versus [Fe/H] diagrams of Paper I.
See for example, Fig. 9 of Font et al. (2006a), where two low-
alpha sequences are produced but no high-alpha one, or Fig. 3
of Robertson et al. (2005), with a similar problem. In this latter
paper, of the trichotomy of models (“halo progenitor”, dSph, and
dIrr) the first seems to come closest to producing “high-alpha”
halo stars. So, this model might be modified by increasing the
mass of the progenitors and merging very quickly at the begin-
ning of the Galaxy, combined with a dIrr model, to produce the
dichotomy in the [α/Fe] versus [Fe/H] diagrams of Paper I, both
the “high-” and “low-alpha” halo stars. (See also De Lucia &
Helmi 2008 for their discussion of the “duality” in their mod-
eled stellar halo.) However, the range in age for the “high-alpha”
halo stars, as seen in Table 2, is probably larger than that needed
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Figure 11
α-elements, (a) Mg and (b) Ca, in four nearby dwarf spheroidal galaxies: Sgr (orange: McWilliam &
Smecker-Hane 2005, Monaco et al. 2005, Sbordone et al. 2007), Fnx (blue: Shetrone et al. 2003, Letarte
2007), Scl ( green: V. Hill & DART, in preparation, Shetrone et al. 2003, Geisler et al. 2005), and Carina
( purple: Shetrone et al. 2003, Koch et al. 2008a). Open symbols refer to single-slit spectroscopy
measurements, whereas filled circles refer to multiobject spectroscopy. A representative error-bar for the
latter is shown on the left-hand side of the picture. The small gray squares are a compilation of the Milky
Way disk and halo star abundances, from Venn et al. (2004a).

In other dSphs, the knee is not well defined owing to a lack of data, but limits can be established.
The Sgr dSph has enhanced [α/Fe] up to [Fe/H] ≈ −1.0, which is significantly more metal rich
than the position of the knee in the Scl dSph. This is consistent with what we know of the SFH
of Sgr, which has steadily formed stars over a period of 8–10 Gyears and only stopped forming
stars about 2–3 Gyears ago (e.g., Dolphin 2002). The Carina dSph has had an unusually complex
SFH, with at least three separate bursts of star formation (Hurley-Keller, Mateo & Nemec 1998;
see Figure 4). The abundance measurements in Carina are presently too scarce to have any hope
to confidently detect these episodes in the chemical enrichment pattern (e.g., Tolstoy et al. 2003).
It appears to possess [α/Fe]-poor stars between [Fe/H] = −1.7 and −2.0, which suggests that
the knee occurs at lower [Fe/H] than in Scl. It seems that Carina has had the least amount of
chemical evolution before the onset of SNe Ia of all galaxies in Figure 11. In the Fnx dSph,
another galaxy with a complex SFH, the sample does not include a sufficient number of metal-
poor stars to determine even an approximate position of the knee. There are abundances for only
five stars below [Fe/H] = −1.2, and only one below [Fe/H] = −1.5. The knee is constrained to
be below [Fe/H] < −1.5. From this (small) sample of dSph galaxies, it appears that the position
of the knee correlates with the total luminosity of the galaxy, and the mean metallicity of the
galaxy. This suggests that the presently most luminous galaxies are those that must have formed
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Tolstoy et al. 2009

Comparison with dwarf galaxies

60

Stars in dwarf galaxies 
have low [alpha/Fe], 
like the “low alpha” 
stars in the MW.

Evidence for 
accretion?


