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Chemical evolution: metal budget
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Gas accretion Merging

Winds

Star formation

Low [Fe/H] 
Low [α/Fe]?

Low Z?

High Z?

Enrichment with time: 
[Fe/H] increases!
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The three agents of  
chemical enrichment

• SNe II: 
– timescale <10 Myr  
– produce Fe and α-elements, intrinsic [α/Fe]~0.4 
– α-elements: ((C), O,) Ne, Mg, Si, S, Ar(, Ca) 

• SNe Ia: 
– timescale of >30 Myr, debated 
– produce Fe, raise [Fe/H], lower [α/Fe] 

• AGB stars  
– timescale >100 Myr  
– produce C and s-process elements: Sr, Y, Zr, Ba, La, 

Ce, Nd, Sm, Pb

3
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Chemical evolution expectations
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This is a cartoon,  
not a model! 
!
3 parameters  
for each star:  
age, [Fe/H], [α/Fe]

time

time

Cosmic 
dawn 
stars

Timescale: 
1-2*10^8 yrs 
10 < z < 8.5 

Cosmic 
dawn 
stars

Wrong! 
Needs work!
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Where can we look for these stars?
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Method 1:  
look back (this conference) 

!
Method 2:  

archeology (this talk)
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Cosmic dawn stars in the Milky Way
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Fuhrmann 2008

216 K. Fuhrmann

Figure 30. Iron and magnesium abundances for more than 200 nearby F, G and K stars down to Teff ! 5300 K on the main sequence. Upper panel: [Mg/Fe]
versus [Fe/H]; lower panel: the same data, but with the α-chain element magnesium as reference. Circle diameters are in proportion to the stellar age estimates.
Note that this presentation is volume-complete for the thick disc (15 objects, dark circles) and the few disc ‘transition stars’ (five objects, asterisks). The
string-of-pearl-like distribution of light circles represents the numerous members of the thin disc (see text for details).

and magnesium in Fig. 30, and the subgiants that we identified so far
in this region (104 Tau, HD 168443 and HR 7569) clearly support
ages that are also intermediate to both disc populations.16

Thus, as opposed to the kinematical overlap of thick- and thin-
disc stars (cf. Paper III), nothing alike is visible in the chemical map
of Fig. 30. And nothing alike particularly results from the accurate
age-datings for the key subgiants that we have identified and anal-
ysed so far (Bernkopf et al. 2001; Bernkopf & Fuhrmann 2006, and
HR 7845 A above) and which provide our prime argument for the
pronounced star formation gap and hence the genuine distinctness
of the two local disc populations. Note also that contrary to what
has repeatedly been claimed in several studies based on kinemati-
cally selected samples of thick-disc stars (e.g. Bensby, Feltzing &
Lundström 2004), the unbiased, volume-complete perspective on
this stellar population in Fig. 30 shows only a weak (if any) trend
towards higher [Fe/Mg] values as a function of the overall mag-
nesium enrichment. Thus, the most metal-poor thick-disc star in
Fig. 30, HD 64606, is at [Fe/Mg] = −0.37, whereas HD 195987
– which happens to be now the most metal-rich star of our local
thick-disc sample – has an iron-to-magnesium abundance ratio only
insignificantly higher at [Fe/Mg] = −0.35.17

16 Both disc transition subgiants, HR 7569 and HD 168443, are more dis-
tant than 25 pc and hence not part of volume-limited sample displayed in
Fig. 30.
17 It is interesting to mention that both these two key stars of the thick disc,
HD 64606 and HD 195987, almost escaped consideration in our sample:
HD 64606 is slightly to faint at MV = 6.02 and only came to our attention
because of its ‘misclassification’ as a G8V star (cf. Paper III). The double-
lined HD 195987, in turn, remained unclassifiable in Paper III on account
of our erroneous model atmosphere analysis; its rather extreme kinematics,
U/V/W = −19/+3/+48 km s−1, with actually no rotational lag was also
not helpful in this respect. Now, being the most metal-rich thick-disc star of
our sample, HD 195987 has become an important reminder of the shortcom-
ings that kinematically selected samples of thick-disc stars are principally
exposed to.

The considerable [Fe/Mg] underabundance up to the highest
thick-disc magnesium enrichment level in Fig. 30, as well as the
fact that this even exceeds the solar magnesium abundance, pro-
vide clear support for a considerable rate of early star formation. In
other words, there is plain evidence from the sample displayed here
in Fig. 30 that a massive thick disc was already established in the
very early stages of the Milky Way’s history. We come back to this
point in the final section with the important findings on the local
normalization of the thick-disc population.

In what follows we will, however, first have to discuss the metal-
licity distribution functions, again both in terms of iron as well
as magnesium. On the basis of 128 thin-disc stars we had already
shown in fig. 49 of Paper III that these distribution functions need
not necessarily be symmetric in shape. In particular – and as one can
also infer from Fig. 30 above – the magnesium abundances of the
thin-disc stars that we present here in Figs 31 and 33 most clearly
reflect the properties of the thick-disc precursor as the major site for
the production of this element.

As to the 185 mid-F through early K nearby thin-disc stars that we
can now refer to with this work in Fig. 31, there is only an increase
of +0.01 dex in the mean iron abundance and no change at all for
magnesium in comparison with the former diagrams in Paper III
based on the above mentioned 128 thin-disc stars. Since there are
now less than 50 thin-disc stars still missing for the final volume-
complete sample of this population, one may assume that the herein
presented metallicity distribution functions are already fairly robust
and that the final peak abundances of iron as well as magnesium
will stay within 0.02 dex or even 0.01 dex of the current value.

If so, we may here provisionally summarize that the average iron
and magnesium abundances of solar neighbourhood thin-disc stars
are well represented by the solar composition. In this respect the
Sun is then as normal as one can think of for its surroundings.
There is particularly no foundation to conclude that our parent star
and hence the Solar system are somehow metal-rich – at least not
in terms of iron and magnesium. One may eventually argue not
to forget that the underlying abundance analyses are a simple and

C⃝ 2008 The Author. Journal compilation C⃝ 2008 RAS, MNRAS 384, 173–224
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Method: Stellar population analysis 
of early type galaxy spectra
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Non-bayesian,  
“non-parametric”  fitting 
!
Beware of the ill-posed 
problem!!  
!
Dust and continuum slope!!

3 params  
per galaxy

age 
[Fe/H] 
[α/Fe]



24.6.2016 Cosmic dawn of galaxy formation / Walcher

Sample
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2286 ETGs from SDSS!
S/N>40 !

40 < σ < 375 km/s!
r-band concentration C>2.8!
 S/N < 3 all emission lines!
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Stellar population relations in ETGs

[α/Fe]

Walcher et al., 2015

Bonus slides
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What’s new?

• Use of “new” (Coelho+07, Walcher+09) 
generation of stellar population models (spectral 
effects and isochrone effects of α-enhancement) 

• Use of full spectrum (not only indices)  
• Rigorous treatment of degeneracy errors  
• Split of star formation history into old and 

intermediate age stellar populations

10
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For our ETGs can split enrichment 
history in two
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old phaseintermediate phase

Walcher et al., 2015

6 params  
per galaxy
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For our ETGs can split enrichment 
history in two
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old phaseintermediate phase

Walcher et al., 2015
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Young stars in ETGs are  
NOT α-enhanced! 

13

Cosmic 
dawn 
stars!

Every galaxy has two points

old phaseintermediate phase

Walcher et al., 2015
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Metal-rich, α-enhanced stars
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Steidel’s 
data

Krieks’s 
data
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How cosmic dawn properties 
depend on todays values
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Todays’ values for all stars in ETG
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Late mass growth of massive gals
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Walcher et al., 2015

Self-enriched 
10-20% 
of sample

Accretion 
dominated 
80-90%
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Reminder: opacities - Mass-to-light

17

Walcher et al., 2009

Dotted: 
cosmic  
dawn  
stars

Solid: 
todays 
stars
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Conclusions

• The extended star formation histories of early-
type galaxies can be resolved.  

• Cosmic dawn stars in massive galaxies are metal-
rich, α-enhanced stars. 

• Beware of opacity changes in the UV for α-
enhanced stellar populations!  

• Not all enrichment histories are rising in 
metallicity! 

• If you are not tired of archeology, there is a bonus 
on the next slides about SNeIa… 

18
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Age - [α/Fe]

20

ETGs Stars

Obs

Model

similar!!

Walcher et al, subm.
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Age - [Fe/H] ??

21

Different, thus star formation 
histories must be different as well

Obs

Model

ETGs Stars

Walcher et al, subm.
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What determines age-[α/Fe]?

22

We just learned it is not the star formation history

Walcher et al, subm.
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Delay Time Distribution of SNe Ia

23

Modelling element abundances 7

fore, we are explicitly accounting for the ejection of metals
during the AGB phase of such stars, prior to the SN.

The second term represents the contribution from SNe-
Ia, parameterised with an analytic DTD motivated by ob-
served SN-Ia rates (see §4.1). Using a DTD means we do not
have to make additional assumptions about the progenitor
type of SNe-Ia, the binary mass function φ(Mb), secondary
mass fraction distribution f(M2/Mb), or binary lifetimes in
our modelling. These uncertain parameters become prob-
lematic when using the theoretical SN-Ia rate formalism of
Greggio & Renzini (1983). The three SN-Ia DTDs that we
consider in this work are described in §4.1.

The coefficient A
′

in the second term of Eqn. 5 gives
the fraction of objects from the whole IMF that are SN-
Ia progenitors. This is subtly different from A in the third
term, which is the fraction of objects only in the mass
range 3-16M⊙ that are SN-Ia progenitors.7 As clarified by
Arrigoni et al. (2010a, §3.3), these two coefficients are re-

lated by A
′

= A · f3−16, where f3−16 is the fraction of all
objects in the IMF that have mass between 3 and 16M⊙.
Our chosen value of A is 0.028 (i.e. 2.8 per cent of the stellar
systems in the mass range 3 - 16M⊙ are SN-Ia progenitors),
as discussed in §5.4. The coefficient k is given by

k =

∫ Mmax

Mmin

φ(M) dM , (6)

and gives the number of stars in a 1M⊙ SSP. For the
Chabrier IMF used here, f3−16 = 0.0385 and k = 1.4772
when assuming Mmin = 0.1M⊙ and Mmax = 120M⊙.

The third term in Eqn. 5 represents the ejection of met-
als, via SNe-II explosions, of all objects within the mass
range 7.0 ! M/M⊙ ! 16.0 that do not produce SNe-Ia.
Hence, the coefficient is (1− A).8

The fourth term represents the contribution to the ejec-
tion of metals from single, massive stars exploding as SNe-II.

We note here that Eqn. 5 can also be rewritten so that
all the modes of enrichment are expressed as time integrals,
because the stellar lifetimes are a monotonic function of ini-
tial mass (e.g. P98, §8.7).

4.1 SN-Ia delay-time distribution

There have been many SN-Ia DTDs formulated in the liter-
ature. In this work, we consider three, shown in Fig. 5, and
compare the results obtained from each.

The first is the power-law DTD with slope −1.12 pro-
posed by Maoz, Mannucci & Brandt (2012), formed from a
fit to the SN-Ia rate derived from 66,000 galaxies (compris-
ing 132 detected SNe-Ia) from the Sloan Digital Sky Survey
II (SDSS-II):

DTDPL = a(τ/Gyr)−1.12 , (7)

7 The use of the mass range 3 - 16M⊙ relates to the assumed mass
range of SN-Ia-producing binary systems in the single-degenerate
scenario.
8 Note that, because the distribution of SN-Ia-producing binaries
is assumed to follow the distribution of all objects, the value of
A is the same for any mass range within 3 < M/M⊙ < 16.

Figure 5. The three SN-Ia delay-time distributions considered
in this work. The dashed line corresponds to the power-law DTD
given by Eqn. 7. The dotted line corresponds to the narrow Gaus-
sian DTD given by Eqn. 8. The solid line corresponds to the bi-
modal DTD given by Eqn. 9. All three DTDs are normalised over
the time range τ8M⊙

= 35 Myrs to τ0.85M⊙
= 21 Gyrs.

where τ is the delay time since the birth of the SN-
Ia-producing binary systems, and a is the normalisa-
tion constant, taken here to be a = 0.15242 Gyr−1

(see Eqn. 10). Similar power-law slopes have been sug-
gested by a number of other works (e.g. Totani et al. 2008;
Maoz Sharon & Gal-Yam 2010; Maoz & Mannucci 2012).

The second is the narrow, Gaussian DTD proposed by
Strolger et al. (2004), based on observations of 56 SNe-Ia in
the range 0.2 < z < 1.8 from the GOODS North and South
fields. This form is given by

DTDNG =
1√
2πσ2

τ

e−(τ−τc)
2/2σ2

τ , (8)

where τ is again the delay time, τc = 1 Gyr is the character-
istic time (on which the Gaussian distribution is centered),
and στ = 0.2τc Gyrs is the characteristic width of the dis-
tribution.

The third is the bi-modal DTD proposed by
Mannucci, Della Valle & Panagia (2006), motivated by si-
multaneously fitting both the observed SN-Ia rate and the
distribution of SNe-Ia with galaxy B-K colour and radio
flux, for a collection of samples over the redshift range
0.0 < z < 1.6. This DTD includes a ‘prompt’ component
of SNe-Ia (∼ 54 per cent of the total) that explode within
∼ 85 Myr of the birth of the binary, followed by a broader,
delayed distribution. The Mannucci, Della Valle & Panagia
(2006) DTD has been expressed by Matteucci et al. (2006)
as

log(DTDBM) =
{

1.4− 50(log(τ/yr)− 7.7)2 if τ < τ0
−0.8− 0.9(log(τ/yr)− 8.7)2 if τ > τ0

,

(9)

where τ is the delay time, and τ0 = 0.0851 Gyr is the char-
acteristic lifetime separating the two components.

c⃝ 0000 RAS, MNRAS 000, 000–000
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Table 1. Coefficients of linear fits to the datasets

Dataset Parameters Age range Intercept Slope
W15 age vs. [↵/Fe] < 9Gyr -0.010±0.0044 0.009±0.0006
W15 age vs. [↵/Fe] � 9Gyr -0.199±0.0071 0.031±0.0006
Y13 age vs. [↵/Fe] < 9Gyr 0.005±0.0045 0.008±0.0006
Y13 age vs. [↵/Fe] � 9Gyr -0.197±0.0041 0.028±0.0004
B14 age vs. [↵/Fe] < 9Gyr 0.005±0.0206 0.011±0.0037
B14 age vs. [↵/Fe] � 9Gyr -0.200±0.0096 0.034±0.0011
M13 age vs. [↵/Fe] < 9Gyr -0.007±0.0059 0.013±0.0012
M13 age vs. [↵/Fe] � 9Gyr -0.151±0.0688 0.030±0.0065
W15 age vs. [Fe/H] < 9Gyr 0.129±0.0043 -0.020±0.0006
W15 age vs. [Fe/H] � 9Gyr 0.151±0.0076 -0.024±0.0007
Y13 age vs. [Fe/H] < 9Gyr -0.030±0.0247 -0.028±0.0031
Y13 age vs. [Fe/H] � 9Gyr -0.065±0.0155 -0.020±0.0015
B14 age vs. [Fe/H] < 9Gyr -0.027±0.0578 -0.002±0.0103
B14 age vs. [Fe/H] � 9Gyr 0.882±0.0164 -0.103±0.0018
M13 age vs. [Fe/H] < 9Gyr 0.104±0.0124 -0.035±0.0025
M13 age vs. [Fe/H] � 9Gyr 0.308±0.1802 -0.061±0.0170
W15 age vs. [↵/Fe] < 9Gyr -0.010±0.0044 0.009±0.0006
W15 age vs. [↵/Fe] � 9Gyr -0.199±0.0071 0.031±0.0006

Y13 PL age vs. [↵/Fe] < 9Gyr 0.005±0.0045 0.008±0.0006
Y13 PL age vs. [↵/Fe] � 9Gyr -0.197±0.0041 0.028±0.0004
Y13 NG age vs. [↵/Fe] < 9Gyr -0.051±0.0080 0.010±0.0010
Y13 NG age vs. [↵/Fe] � 9Gyr -0.629±0.0110 0.071±0.0010
Y13 BM age vs. [↵/Fe] < 9Gyr -0.023±0.0039 0.004±0.0005
Y13 BM age vs. [↵/Fe] � 9Gyr -0.137±0.0029 0.017±0.0003

Fig. 2. Comparison of the correlations between age and
[Fe/H] for two very different kinds of astrophysical objects. The
panels and lines are the same as in Figure 1.

modal DTD:

log(DTDBM) =
⇢

1.4� 50(log(⌧/yr)� 7.7)2 if ⌧ < ⌧0
�0.8� 0.9(log(⌧/yr)� 8.7)2 if ⌧ > ⌧0,

(2)

where ⌧0 = 0.0851 Gyr separates the times where one or
the other progenitor dominates the SN Ia rate.

Strolger et al. (2004) on the other hand reject the double
progenitor scenario "at the 99% confidence level" and are

able to describe their data by a narrow Gaussian DTD:

DTDNG =
1p
2⇡�2

⌧

e�(⌧�⌧c)
2/2�2

⌧ . (3)

Here ⌧c = 1 Gyr is the average delay time and �⌧ = 0.2⌧c
Gyr is the width of the distribution.

Finally, Maoz et al. (2012a) argue that the most recent
data favour a power law DTD, which is described by

DTDPL = a(⌧/Gyr)�1.12 (4)

with normalization constant a = 0.15242 Gyr�1.
Figure 3 shows that the old-part slope of the age-

[↵/Fe] relation is sensitive to the SNIa DTD. The power-law
DTD is clearly the best approximation of the data, while
the two other DTDs fail at old ages. This result had
been anticipated by earlier work. Matteucci & Rec-
chi (2001) already show that a significant fraction
of SNe Ia need to explode significantly before the
1 Gyr timescale often quoted for SNe Ia. Indeed
for an instantaneous burst as assumed in the DTD
they quote a typical timescale of very roughly 50
Myr just as we are finding here. The fraction of
SNe Ia to explode within 100 Myr after the burst
of star formation has been further constrained by
Matteucci et al. (2009) to be between 13% and less
than 30%. It was estimated by Y13 to be ⇠23% for
the power law DTD used here as well.

We emphasize that the DTDs have been chosen di-
rectly from the literature on look back studies of
SNe Ia explosion rates. These literature DTDs are
naturally distinct and we have on purpose made no
attempt to vary their functional parameters. For
example, we could probably tweak the parameters of the
bi-modal distribution to yield similar results to the power
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the power law DTD used here as well.

We emphasize that the DTDs have been chosen di-
rectly from the literature on look back studies of
SNe Ia explosion rates. These literature DTDs are
naturally distinct and we have on purpose made no
attempt to vary their functional parameters. For
example, we could probably tweak the parameters of the
bi-modal distribution to yield similar results to the power

Article number, page 5 of 9

Walcher, et al.: Selfsimilar cheevo

Table 1. Coefficients of linear fits to the datasets

Dataset Parameters Age range Intercept Slope
W15 age vs. [↵/Fe] < 9Gyr -0.010±0.0044 0.009±0.0006
W15 age vs. [↵/Fe] � 9Gyr -0.199±0.0071 0.031±0.0006
Y13 age vs. [↵/Fe] < 9Gyr 0.005±0.0045 0.008±0.0006
Y13 age vs. [↵/Fe] � 9Gyr -0.197±0.0041 0.028±0.0004
B14 age vs. [↵/Fe] < 9Gyr 0.005±0.0206 0.011±0.0037
B14 age vs. [↵/Fe] � 9Gyr -0.200±0.0096 0.034±0.0011
M13 age vs. [↵/Fe] < 9Gyr -0.007±0.0059 0.013±0.0012
M13 age vs. [↵/Fe] � 9Gyr -0.151±0.0688 0.030±0.0065
W15 age vs. [Fe/H] < 9Gyr 0.129±0.0043 -0.020±0.0006
W15 age vs. [Fe/H] � 9Gyr 0.151±0.0076 -0.024±0.0007
Y13 age vs. [Fe/H] < 9Gyr -0.030±0.0247 -0.028±0.0031
Y13 age vs. [Fe/H] � 9Gyr -0.065±0.0155 -0.020±0.0015
B14 age vs. [Fe/H] < 9Gyr -0.027±0.0578 -0.002±0.0103
B14 age vs. [Fe/H] � 9Gyr 0.882±0.0164 -0.103±0.0018
M13 age vs. [Fe/H] < 9Gyr 0.104±0.0124 -0.035±0.0025
M13 age vs. [Fe/H] � 9Gyr 0.308±0.1802 -0.061±0.0170
W15 age vs. [↵/Fe] < 9Gyr -0.010±0.0044 0.009±0.0006
W15 age vs. [↵/Fe] � 9Gyr -0.199±0.0071 0.031±0.0006

Y13 PL age vs. [↵/Fe] < 9Gyr 0.005±0.0045 0.008±0.0006
Y13 PL age vs. [↵/Fe] � 9Gyr -0.197±0.0041 0.028±0.0004
Y13 NG age vs. [↵/Fe] < 9Gyr -0.051±0.0080 0.010±0.0010
Y13 NG age vs. [↵/Fe] � 9Gyr -0.629±0.0110 0.071±0.0010
Y13 BM age vs. [↵/Fe] < 9Gyr -0.023±0.0039 0.004±0.0005
Y13 BM age vs. [↵/Fe] � 9Gyr -0.137±0.0029 0.017±0.0003

Fig. 2. Comparison of the correlations between age and
[Fe/H] for two very different kinds of astrophysical objects. The
panels and lines are the same as in Figure 1.

modal DTD:

log(DTDBM) =
⇢

1.4� 50(log(⌧/yr)� 7.7)2 if ⌧ < ⌧0
�0.8� 0.9(log(⌧/yr)� 8.7)2 if ⌧ > ⌧0,

(2)

where ⌧0 = 0.0851 Gyr separates the times where one or
the other progenitor dominates the SN Ia rate.

Strolger et al. (2004) on the other hand reject the double
progenitor scenario "at the 99% confidence level" and are

able to describe their data by a narrow Gaussian DTD:

DTDNG =
1p
2⇡�2

⌧

e�(⌧�⌧c)
2/2�2

⌧ . (3)

Here ⌧c = 1 Gyr is the average delay time and �⌧ = 0.2⌧c
Gyr is the width of the distribution.

Finally, Maoz et al. (2012a) argue that the most recent
data favour a power law DTD, which is described by

DTDPL = a(⌧/Gyr)�1.12 (4)

with normalization constant a = 0.15242 Gyr�1.
Figure 3 shows that the old-part slope of the age-

[↵/Fe] relation is sensitive to the SNIa DTD. The power-law
DTD is clearly the best approximation of the data, while
the two other DTDs fail at old ages. This result had
been anticipated by earlier work. Matteucci & Rec-
chi (2001) already show that a significant fraction
of SNe Ia need to explode significantly before the
1 Gyr timescale often quoted for SNe Ia. Indeed
for an instantaneous burst as assumed in the DTD
they quote a typical timescale of very roughly 50
Myr just as we are finding here. The fraction of
SNe Ia to explode within 100 Myr after the burst
of star formation has been further constrained by
Matteucci et al. (2009) to be between 13% and less
than 30%. It was estimated by Y13 to be ⇠23% for
the power law DTD used here as well.

We emphasize that the DTDs have been chosen di-
rectly from the literature on look back studies of
SNe Ia explosion rates. These literature DTDs are
naturally distinct and we have on purpose made no
attempt to vary their functional parameters. For
example, we could probably tweak the parameters of the
bi-modal distribution to yield similar results to the power
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What determines age-[α/Fe]?
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It is the DTD of SNeIa! 

Walcher et al, subm.

Power law DTD 
starts after ~30 
Myr!  
!
Fully consistent 
with work by 
Matteucci et al. 
for Milky Way
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Conclusions

• The extended star formation histories of early-
type galaxies can be resolved.  

• Cosmic dawn stars in massive galaxies are metal-
rich, α-enhanced stars. 

• Beware of opacity changes in the UV for α-
enhanced stellar populations!  

• Not all enrichment histories are rising in 
metallicity! 

• The SNe Ia DTD derived from ETGs and 
chemical arguments is a power law. 
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