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Chemical evolution

Why do we care?

All elements heavier than Li were formed by 
nucleosynthesis in stars

The differences in the compositions in stars tell us 
about when and how the stars were made
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The life cycle of gas and 
stars in galaxies

Gas is turned into stars 
(somehow)

Stars burn H into He and then 
He into C and then, if massive 
enough, C into heavier 
elements, all the way to Fe in 
the most massive stars

These elements are returned 
to the interstellar medium at 
the end of the stars’ lives 
through winds or supernovae

Cycle of GAS and STARS in GALAXIES
6 Gas is transformed into stars. 

6 Each star burns H and He in 
its nucleus and produces 
heavy elements. 

6 These elements are partially 
returned into the interstellar 
gas at the end of the star's 
life
D through winds and supernovae 

explosions. 
D some fraction of the metals 

are locked into the remnant 
of the star.

This implies that the chemical abundance of the gas in a galaxy should 
evolve in time
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Therefore the chemical 
abundance of the gas – 
and the next generation of 
stars – should increase as 
a function of time

...in the absence of gas 
flowing into the 
system...

“Metallicity” is thus a kind 
of clock... sort of!

B. Nordström et al.: The Geneva-Copenhagen survey of the Solar neighbourhood 1011

Fig. 28. Age–metallicity diagrams for single stars in the volume-
limited subsample within 40 pc; large dots show mean ages and metal-
licities in 10 bins with equal numbers of stars. Top: the 462 stars with
“well-defined” ages (no limit on actual errors). Bottom: the 142 stars
with ages better than 25%; average error bars (14%) in three age bins
are shown.

Friel et al. (2002) and Chen et al. (2003). These studies show
the same constant mean metallicity and large scatter at all ages
for the clusters as our study does for the field stars. The dis-
cussion by Sandage et al. (2003) also focuses on the existence
of old, metal-rich subgiants in their sample (the 10-Gyr-old
metal-rich cluster NGC 6791 being another example) – as in
fact pointed out already by Strömgren (1963). Clearly, more
realistic models of the true complexities of star formation and
chemical enrichment of the interstellar medium are required.

We recall that we have taken special pains to verify that our
age computation technique will not distort the overall trends
in the resulting age-metallicity diagrams (cf. Sect. 4.5.7).

Fig. 29. Radial metallicity gradient for single stars in three age ranges.
Rm is the mean radius of the stellar orbits.

Individual ages shown in Figs. 27 and 28 (top) may still be
uncertain by 50% or more, however (cf. Fig. 15), which must
be taken into account in any discussion of these diagrams.

“Cleaner” subsamples of stars can be selected from the cat-
alogue (e.g. Fig. 28, bottom), but introduce further strong se-
lection effects; cf. the top and bottom panels of Figs. 28 and 30.
Evaluating the true interplay of cosmic scatter in the chemical
evolution of the disk with observational errors and uncertain-
ties in the age determinations will require detailed numerical
simulations, which must include models of the statistical bi-
ases discussed above and by Pont & Eyer (2004). Such detailed
analyses are beyond the scope of the present paper.

6.3. Radial metallicity gradients in the disk

In addition to the evolution of metallicity with age, our sam-
ple can be used to study the radial metallicity gradient in the
Galaxy. From the Rmin and Rmax of the stellar orbit, the mean
orbital radius Rm can be calculated. Figure 29 shows the radial
metallicity gradient for three groups of stars of different ages.
The slopes of the fitted lines are −0.076±0.014,−0.099±0.011,
and +0.028 ± 0.036 dex/kpc.

This can be compared to other studies using FG dwarfs and
giants by Mayor (1976), Cepheids by Andrievsky et al. (2002),
planetary nebulae by Maciel et al. (2003), and open clusters
by Friel et al. (2002) and Chen et al. (2003). In general they
find the radial gradient to evolve over time from values be-
tween −0.02 and −0.06 for the youngest stars to between −0.08
and −0.12 for the older stars. This is compatible with our two
younger age groups which show a mild steepening with age
of the radial gradient. The oldest stars in our sample, on the
other hand, show no radial gradient at all. This is an indica-
tion that these stars do not follow the general evolution of the

The age–metallicity relation from the 
Geneva-Copenhagen survey 

(Nordström et al. 2004)

notice the scatter at old 
ages!
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The build-up of metals in a 
stellar population

“Galactic Chemical Evolution” (GCE) models

The simplest model for chemical enrichment in a galaxy is 
the closed-box model, in which the galaxy is considered 
to a single “box” (“one zone”) with no inflow or outflow

Assume:

Gas is well-mixed

Metals are returned to gas faster than the star-
formation timescale (“instantaneous recycling”)
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Definitions:
MTOT=Mg(t)+Ms(t), where Mg(t) is the mass of gas at 
time t and Ms(t) is the mass in unevolved stars at t
MZ(t) is the mass of metals in the gas
Z=Zgas= MZ(t)/Mg(t) is the metallicity in the gas (the 
mass fraction in metals; Z⊙≈0.019) and Z=0 at t=0
δMs is the net flow of gas into stars at each new 
generation of stars
yδMs is the mass of new metals released back into the 
ISM after each generation, so y is the yield: the fraction 
of stellar mass returned to the gas as metals
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The mass fraction of metals locked up in the low-mass 
stars (and remnants) is ZδMs

Now, in each generation,

so

or

now, note that δMs=–δMg, since MTOT is constant, so

�MZ = y�Ms � Z�Ms

returned by supernovae

locked up in new low-mass stars

�Z = �

�
MZ

Mg

�
=

�MZ

Mg
� MZ

M2
g

�Mg

�Z =
1

Mg
(�MZ � Z�Mg)

�MZ = �y�Mg + Z�Mg
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Substituting, we find

And so

Finally, we have

if y does not depend on time

We often write Mg/MTOT=µ, the gas fraction

Note that this is unphysical: 

In a closed box, metallicity grows with time

�Z =
1

Mg
(�y�Mg + Z�Mg � Z�Mg)

�Z = �y
�Mg

Mg

Z(t) = �y ln
�
Mg(t)
Mtot

�

Z �� as Mg � 0
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How do the metallicities of the stars evolve in a closed 
box?

The mass of stars Ms(t) formed before time t, and so 
with metallicity <Z(t) is just Mg(0)–Mg(t) and therefore

Note the lack of an explicit time here!  So when the 
gas density is high relative to the number of stars 
formed, the abundance of metals is low.

Once the gas is all consumed, the mass of stars with 
metallicities in (Z, Z+dZ) is just

Ms(< Z) = Mg(0)[1� exp(�Z/y)]

dMs(< Z) � exp(�Z/y)dZ
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Comparing a closed-box 
model with the 
distribution of metallicities 
in the bulge, a very good 
fit can be found with y=Z⊙ 
and Z(t)=0

The closed-box model and 
the Galactic bulge
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The closed-box model and 
the thin disk

Let’s derive the yield for the Solar neighborhood in the 
closed box model:

For t=today, Z~0.7Z⊙

The total mass is Mg(today)+Ms(today)~10 M⊙/pc2 + 
40 M⊙/pc2=50 M⊙/pc2

Thus we find y=0.43 Z⊙

Z(t) = �y ln[Mg(t)/Mtot]

11



The G dwarf problem
Now let’s ask how many long-lived stars we should see 
with Z<0.25 Z⊙:

so 55% of the stars in the Solar neighborhood 
should have Z< Z⊙/4
but we only see ~2% of the local F and G stars with 
these metallicities!

Ms(< 0.25Z�)
Ms(< 0.7Z�)

=
1� exp(�0.25Z�/y)
1� exp(�0.7Z�/y)

� 0.55
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So the simple closed-box 
model is clearly wrong for 
the Solar neighborhood!
Possible solutions:

No G dwarfs made at 
early times (too 
extreme?)
Yield decreases with 
increasing Z (disagrees 
with SN yields)
Disk pre-enrichment: 
disk is polluted by 
spheroid
Disk infall and 
enrichment

Note lack of metal-
poor G dwarfs w.r.t. 

model!
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Pre-enrichment does a reasonable job: if Z(0)≈0.15 Z⊙, 
then G dwarf problem is mostly resolved

The G dwarf problem means that the Solar 
neighborhood was not always like it is now!

Something was very different – nucleosynthesis 
gives us an important clue to galaxy evolution!
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We know that many 
galaxies have strong 
outflows of gas, 
generally caused by 
intense star formation or 
AGN

What effect does this have 
on the chemical 
evolution?

Leaky-box model: the effect 
of outflow
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At the same time, it has 
become clear that 
galaxies also accrete gas

What affect does this 
inflow have on the 
chemical evolution?

Accreting-box model: the 
effects of inflow

The accreting-box model
3 Galaxies accrete gas from their surroundings
3 This has consequences on the chemical evolution of a galaxy

Fraternali et al (2007)
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Generalizing the one-zone 
model

First, let’s define the inflowing gas to have a mass 
δMin=fδMs with metallicity Zin and the outflowing gas 
to have a mass δMout=gδMs with metallicity Zout

Then it is possible to show that

In general, this equation can only be solved only if MTOT 
and Mg are specified functions of time.

But there are two special cases of interest...

�Z =
1

Mg
[(y + fZin � Z � gZout)�MTOT � (y + fZin � gZout)�Mg]
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The leaky-box model
In this case, δMTOT≈0, and f=0, g≠0, and Zout=ZSN, so 
that the SN ejecta leave directly before mixing into the 
ISM

note that this prescription violates MTOT~constant, 
but effect is small at early times

then

Compared to the closed-box model, the only thing 
that happens is that the yield is reduced by –gZout

explains low apparent yield in dwarf galaxies

Z(t) = �(y � gZout) ln[Mg(t)/Mtot]
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The accreting-box model
When the infall is small and balances star formation, 
δMs≈0; also assume that Zin=constant and Zout=Z (well 
mixed)

As                                    and

If Zin=0 (“pristine” gas), g=0, and f=1, then

t��, MTOT �Mg

Z � y + fZin

1 + g

Z � y
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The mass in stars more metal-poor than Z is 
Ms(<Z)=MTOT(Z)–Mg which is

Then the yield can be determined from the metallicity: 
in the Solar neighborhood, Z=0.7Z⊙, then y≈0.71Z⊙, so 
the fraction of stars with Z<Z⊙/4 is 

So about 11% of the dwarf stars should be more 
metal-poor than 0.25Z⊙, in better agreement with the 
observations!

Ms(< Z) = �Mg ln
�
1� Z

y

�

Ms(< Z�/4) = 0.43Mg � 0.09Mtot � 0.11Ms
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Finally, don’t forget about the thick disk!

Lots of metal-poor dwarfs there — good way to help 
solve the G dwarf problem...
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