
De Oort constanten

Oort constanten A en B definiëren als:
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Vervolgens kunnen we vr en vt op eenfoudige wijze schrijven: 

1



Belangrijke eigenschappen 
van A en B
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- de helling van de rotatiekromme

Verschil tussen A en B:

A�B =
v0

R0
= ⌦0 - de hoeksnelheid (inverse omloopstijd /2π)
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Gemeten waarden van de Oort constanten:

A =  14.4 +/- 1.2 km s-1 kpc-1

B = -12.0 +/- 2.8 km s-1 kpc-1.

A − B =

v0

R0

v0/R0 ~ 26.4 km s-1 kpc-1 = 8.57×10-16 s-1. 

Omlooptijd van de Zon = 2π R0/v0 = 2.3×108 jaren

Dus dv/dR ~ -2.4 km s-1 kpc-1 .
De rotatiekromme is bijna vlak in de buurt van de Zon.  

A + B = �
✓

dv

dR

◆

R0
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Verder over Banen van Sterren

• Veronderstellen dat  
- de Melkweg is cilindersymmetrisch  
- het gravitatiepotentiaal is “vlak” 

• Vervolgens is het impulsmoment van een ster 
constant

• Als de gravitatiepotentiaal wordt veroorzaakt door 
een centrale puntmassa krijgen we elliptische banen, 
zoals in bv. het zonnestelsel (de wetten van Kepler)

• In de Melkweg is de massaverdeling veel meer 
verspreid - banen van sterren zijn complexer.
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R0

v0

Jz = v0R0

Cirkelvormige baan van straal R0

met specifiek impulsmoment Jz

R0

⇢

Jz = v✓(R0 + ⇢)

v✓ = v0R0/(R0 + ⇢)

Ster met specifiek impulsmoment Jz op 
afstand R0+ρ vanaf het centrum
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Bewegingen ten opzichte van Melkweg

v0
R0

v̇⇢

v̇⇢

ρ>0:  vθ te langzaam om op een  
        cirkelvormige baan te blijven,  
        acceleratie naar binnen.
ρ<0:  vθ te snel om op een  
        cirkelvormige baan te blijven,  
        acceleratie naar buiten
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Radial oscillation.
Different oscillation 
frequencies for Flat vs. 
Keplerian rotation 
curves!

Velocity in azimuthal 
direction

Velocity in radial 
direction



Circular orbit

Orbit in 
Keplerian 
potential

Orbit in 
potential with 
flat rotation 
curve



Bewegingen ten opzichte van Local 
System of Rest (LSR: cirkelvormige 
baan van straal R0):

Sterren beschrijven epicykels in 
het LSR:

�

⇢

⇢

�

Bewegingen ten opzichte van Melkweg

v0
R0

v̇⇢

v̇⇢

ρ>0:  vθ te langzaam om op een  
        cirkelvormige baan te blijven,  
        acceleratie naar binnen.
ρ<0:  vθ te snel om op een  
        cirkelvormige baan te blijven,  
        acceleratie naar buiten
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Epicykel beweging
Radiale beweging:

⇢(t) = AR sin t

AR = amplitude, κ = epicyklische frequentie

Tangentiële beweging:
�(t) = A✓ cos t

A✓ =
2⌦


AR

Als de oscillatie snel is (in vergelijking met circulaire baan 
van epicykel), dan wordt de amplitude in de tangentiële 
richting relatief klein.

(volgt uit behoud van impulsmoment)
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κ/Ω = 1 κ/Ω = 1.3 κ/Ω = 2

Banen zijn alleen gesloten als κ/Ω = n/m, waar n en m gehele getallen zijn.

Voor de Zon:   κ/Ω ~ 1.35 

Aangezien de omlooptijd ~230×106 jaren is, duurt een epicykel oscillatie 
van de Zon rond de 170×106 jaren.

κ en Ω zijn gerelateerd via de Oort constante B:

2 = �4B⌦ = �4B(A�B)
<latexit sha1_base64="DWmISIdOtAeupjeZlfuzVamNnNY="></latexit><latexit sha1_base64="DWmISIdOtAeupjeZlfuzVamNnNY="></latexit>
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R0

⇢

Sterren bewegen iets langzamer of sneller 
ten opzichte van het LSR, afhankelijk van de 
baan van hun epicykel.

Radiale en tangentiële snelheidsverdelingen
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Data van Nordström et al. (2004)

Waarnemingen: 
Dispersie is minder in de tangentiële richting.
Kunnen wij dit verklaren?
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R0

⇢

Sterren bewegen iets langzamer of sneller 
ten opzichte van het LSR, afhankelijk van de 
baan van hun epicykel.

Azimutale snelheidsverschil:

⇢(t) = AR sin t

⇢̇(t) = AR cos t

Radiale beweging:

Oefening�̇(⇢) ⇡ �2B⇢

Radiale en tangentiële snelheidsverdelingen
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R0

⇢

Azimutale snelheidsverschil:

⇢(t) = AR sin t

⇢̇(t) = AR cos t

Radiale beweging:

Oefening�̇(⇢) ⇡ �2B⇢

Radiale en tangentiële snelheidsverdelingen

h⇢̇2i =
1
2
2A2

Rh⇢2i =
1
2
A2

R

Dus

Oort’s constant B

Gemiddeld over alle κt:

h�̇2i ⇡ 4(B/)2h⇢̇2i

h�̇2i ⇡ 2

4⌦2
h⇢̇2i

of
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Dispersie is kleiner voor jongere sterren

/⇢ ⇡ 1.4Voor is

h�̇2i ⇡ 2

4⌦2
h⇢̇2i

h�̇2i ⇡ 1
2
h⇢̇2i

Data van Nordström et al. (2004)

- dispersie minder in de 
tangentiële richting
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Kinematica van verschillende sterren

Halo sterren:
v⊙ - <vhalo> = 220 km s-1.

Als de halo een niet-
roterende system is, dan 
kunnen we de straal van de 
baan van de Zon vinden:

⇥(220 km s�1)/2⇡

⇡ 8.3 kpc

R0 = (230⇥ 106 jaren)
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Chemische evolutie

18



Where do the chemical elements come from?



Measuring the composition of stars



http://space.mit.edu/home/afrebel/group/Frebel_Research_Group.html

Spectra of the Sun and a “metal-poor” star in the 
Sculptor dwarf galaxy



The rest
2%

He
27%

H
71%

Composition of the Sun

http://hyperphysics.phy-astr.gsu.edu/hbase/tables/suncomp.html

S
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Ne
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4%N

5%Si
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Fe
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C
21%

O
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“The rest”



The rest
0,06%

He
24,99%

H
74,96%

Composition of halo star

S
3%

Ne
4%Mg

5%N
3%Si

6%
Fe
4%

C
13%

O
62%



Belangrijke Concepten
• Metalen: Alle elementen met atoomnummer > 2  

(dus alles behalve H en He)

• (X, Y, Z) = gewichtsprocenten van (H, He, metalen).  
Z ~ 0.019 voor de Zon

• [Fe/H] = log10 (NFe/NH) - Log10 (NFe/NH)⊙.  
Bijvoorbeld:   
  Gelijke hoeveelheid ijzer als de Zon: [Fe/H] = 0  
  100x minder ijzer dan de Zon:         [Fe/H] = -2

• Let op: [Fe/H] wordt vaak gebruikt in plaats van 
“metalliciteit”

• [O/Fe] = log10 (NO/NFe) - Log10 (NO/NFe)⊙.
24



Oorsprong van de elementen
• H, He + kleine hoeveelheid Li:  

Meestal gevormd tijdens de “Big Bang” toen het heelal een zeer hoge 
dichtheid en temperatuur had.

• Metalen:

• Supernovas van Type II (sterren van massa > 8 M⊙; korte leeftijden < 
40×106 jaren)

• Supernovas van Type Ia (ontploffende witte dwergsterren) - 
vertraging van 108 - 109 jaren

• AGB sterren, planetaire nevels

• H en He zijn dus meestal van kosmologische oorspong, 
terwijl metalen later door kernreacties in sterren 
gevormd werden

25



Nucleosynthesis in massive stars

19
67
AR
A&
A.
..
5.
.5
71
I

Iben (1967)

1. Star on main sequence
Hydrogen “burning” in core

H→He



Nucleosynthesis in massive stars

19
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Iben (1967)

2. End of main sequence

Hydrogen exhausted in core.
No energy source, star contracts

He



Nucleosynthesis in massive stars

19
67
AR
A&
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I

Iben (1967)

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

19
67
AR
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A.
..
5.
.5
71
I

Iben (1967)

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.



Nucleosynthesis in Type II SNe

S
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Ne
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Data from Woosley & Weaver (1995)
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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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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 

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

Tsujimoto et al. (1995)

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



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.



Eenvoudige Modellen voor 
de Chemische Evolutie

• Closed box (“Gesloten box”)

• Leaky box (“Lekkende box”)

• Accreting box (“Accreterende box”)

39



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

40



t=0: only gas (Mg)



Star formation:
Gas → stars

Mg decreases
Ms increases

Gas is polluted by 
supernovae:

Mh increases
Z = Mh/Mg increases



Star formation:
Gas → stars

Mg decreases
Ms increases

Gas is polluted by 
supernovae:

Mh increases
Z = Mh/Mg increases



More star formation
+ pollution

Mg decreases
Ms increases
Z increases



Mg decreases
Ms increases
Z increases



Mg decreases
Ms increases
Z increases



Mg decreases
Ms increases
Z increases



“Closed box” model:
Een sterrenstelsel wordt beschouwd als een aantal 
concentrische zones die onafhankelijk van elkaar en de 
omgeving evoluëren.

• Massa van gas = Mg

• Massa van metalen = Mh

• Massa van overblijfsels (materiaal 
dat niet meer aan de chemische 
evolutie deelneemt) = Ms

• Metalliciteit = Z = Mh/Mg.

In elke zone:
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Het “Closed Box” model in woorden:

• Als een nieuwe generatie van sterren vormt:

• Metalen worden geproduceerd.  Deze worden ogenblikkelijk met 
het resterende gas binnen de box gemengd

• Ms wordt met een hoeveelheid δMs  verhoogd

• Mg wordt met dezelfde hoeveelheid δMs verlaagd

• Hoeveelheid nieuwe metalen = p δMs, waar de p de yield 
(opbrengst) is.  
Yield is afhankelijk van a) stellaire nucleosynthese, en b) de 
verhouding tussen massieve en minder massieve sterren (dus de 
stellaire Initial Mass Function, IMF).

• Mh:  
 Wordt met p δMs verhoogd (net geproduceerd),  
 Wordt met Z δMs verlaagd (in overblijfsels opgesloten)
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Het Closed Box model:
Metalliciteitsverandering tijdens een tijdstap 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

Als p constant is en Z=0 op t=0 dan

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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Metalliciteit versus f(gas) voor p=0.02.

Metalliciteit is alleen van 
gasfractie en p afhankelijk

Gas-arme systemen zijn 
metaal-rijk en 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)

De cumulatieve metalliciteitsverdeling is dan

= −p ln fgas

fgas ≡

Mg

Mg + Ms

=
Mg(t)

Mg(0)

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

De differentiële metalliciteitsverdeling is:

dMs

dZ
=

M0

p
e−Z/p

Sterren die voor tijd t gevormd zijn hebben Z < Z(t), dus

= Mg(0)(1 − fgas(t))

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

(

1 −

Mg(t)

Mg(0)

)

Wat is de metalliciteitsverdeling van sterren?
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Gemiddelde metalliciteit
Differentiële metalliciteitsverdeling:

dM

dZ
⌘ n(Z) =

M0

p
e�Z/p

<latexit sha1_base64="UaoL7RrW+mCn3JIGc1SHATw5leE="></latexit><latexit sha1_base64="UaoL7RrW+mCn3JIGc1SHATw5leE="></latexit>

De gemiddelde metalliciteit is dan

hZi =
R Z

max

0 Zn(Z)dZ
R Z

max

0 n(Z)dZ
<latexit sha1_base64="ZwIvhlPPWdapRu3ph9zfQMrbPJ4="></latexit><latexit sha1_base64="ZwIvhlPPWdapRu3ph9zfQMrbPJ4="></latexit>

=

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

<latexit sha1_base64="WsU/8vXBgUATJqdwpgTcLeGv/vQ="></latexit><latexit sha1_base64="WsU/8vXBgUATJqdwpgTcLeGv/vQ="></latexit>

= p

✓
1 +

fgas ln fgas
1� fgas

◆

<latexit sha1_base64="n6wMPBODCP6QluvJWozd3nep6j4="></latexit><latexit sha1_base64="n6wMPBODCP6QluvJWozd3nep6j4="></latexit>
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Gemiddelde metalliciteit: <Z> → p als fgas → 0
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Chemische evolutie

• De tijdschaal voor de chemische verrijking is 
niet belangrijk in het closed-box model

• Een korte, intensieve episode van 
stervorming geeft dezelfde 
metalliciteitsverdeling als een langere 
durende, rustigere stervorming.

• Dit geldt echter uitsluitend als de benadering 
van “ogenblikkelijke recycling” geldig is!
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cumulatieve Z verdeling

Volgens het closed-box 
model moet rond de 50% van 
sterren (met hoge leeftijden) 
nabij de Zon een metalliciteit 
van Z < 1/3 Z⊙ hebben.

Alleen enkele procenten van 
de sterren hebben zo’n lage 
metalliciteit.
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Metalliciteiten van sterren nabij de Zon

Het closed-box model voorspelt teveel metaal-arme 
sterren. Dit is het G-dwerg probleem.
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Zoccali et al.  2003, A&A 399, 931

Stippellijn = Closed box model

Metalliciteitsverdeling 
van bulge sterren komt 
goed overeen met de 
closed-box model.

Geen G-dwerg probleem 
in de bulge!

Metalliciteiten van sterren in de Bulge
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Data van Harris 1996, AJ 112, 1487

Het closed-box model komt 
goed overeen met de 
metalliciteitsverdeling van 
metaal-arme (‘halo’) bolhopen.

Ook een “G-dwerg problem” 
voor de bolvormige sterhopen?

Yield is veel kleiner dan voor de 
bulge/schijf!

Metalliciteiten van bolvormige sterhopen
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Metalliciteiten van halo sterren
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