
METAL MIXING IN THE FIRST 
GALAXIES
SEMI-ANALYTICAL MODEL 
IMPROVEMENT AND ITS IMPLICATIONS

Yuta Tarumi (U.Tokyo)

Stellar Archaeology as a Time Machine to the 
First Stars, 2018 December 5th



MOTIVATION

OPEN QUESTIONS AND METAL MIXING

▸ Origin of CEMP stars 

▸ Nature of EMP stars 

▸ Population III properties (IMF, multiplicities, …)

Abundance pattern: observational calibration

Simulations predict metal yields
How metals mix with 
Hydrogen?



MOTIVATION

WHY SEMI-ANALYTICAL MODEL ?

▸ Semi-Analytical Model (Hartwig+15,+18, Magg+18): FAST  

▸ Good for parameter exploration 

▸ Can predict various quantities 

▸ Analytical treatment requires physical understanding

SAM give us insights on early star formation ! 

But it needs to be calibrated



ABOUT SEMI-ANALYTICAL MODEL

PARAMETERS WE HAVE

▸ Poorly constrained quantities 

▸ recovery time 

▸ eject/fallback fraction 

▸ dilution factor 

▸ …

4 T. Hartwig et al.

−4

−2

 0

 2

 4

 6

10
1

10
2

PISN

[C
/F

e]

Pop III progenitor mass [M�]

fiducial Pop III SN
faint Pop III SN, Chen+17

faint Pop III SN, Ishigaki+14
SN Type II, Z=0.001

SN Type Ia

Figure 1. Carbon-to-iron ratio, [C/Fe], as a function of the
Pop III SN progenitor mass (solid, Nomoto et al. 2013). For com-
parison, we also show the yields of Type Ia (short-dashed, Seiten-
zahl et al. 2013) and Type II SNe (long-dashed, Nomoto et al.
2013). The yields for individual faint SNe are based on Chen et al.
(2017) and Ishigaki et al. (2014). PISNe with a progenitor mass of
⇠ 150M� yield a very high [C/Fe] (because they eject relatively
little iron), but PISNe with a progenitor mass of ⇠ 250M� yield
a very low, even significantly subsolar value of [C/Fe]. The ex-
plosion energies of Type II SNe are assumed to be 1051 erg. Faint
SNe with lower explosion energies have generally higher [C/Fe]
because more iron falls back onto the compact remnant.

2014; Ritter et al. 2015, 2016; Sharma et al. 2018; Smith
et al. 2015; O’Shea et al. 2015; Chen et al. 2017).

We do not account for metal enrichment by Type Ia
SNe or red giant branch stars because these processes are
expected to occur at later cosmic times and do not signif-
icantly contribute to the enrichment of second generation
stars (Komiya & Shigeyama 2016).

To model the metal yields from Pop II stars, we assume
that 5% of the stellar mass is eventually ejected as metals
(Vincenzo et al. 2016). Since we are interested in the first
enrichment events, we presume for simplicity that all of these
metals are ejected by Type II SNe. To determine how this
mass of metals is distributed over the individual elements,
we apply the distribution of chemical yields by Nomoto et al.
(2013) for stars at Z = 0.001 and average the contribution
by SNe with di↵erent progenitor masses over a Salpeter IMF
in the range 10� 40M�.

One important observed characteristic of extremely
metal-poor stars is their frequently high carbon-to-iron ra-
tio, which we aim to reproduce in our model by including
faint SNe. We illustrate the [C/Fe] ratio as a function of
Pop III progenitor mass in Fig. 1 for di↵erent types of SNe.
A faint SN refers to an explosion with a very small ejected
56Ni mass either due to a low explosion energy (Chen et al.
2017) or large-scale mixing and fallback in aspherical explo-
sions (Tominaga et al. 2007). To account for faint SNe, we
include the corresponding yields by Ishigaki et al. (2014) in

Parameter Value

mass threshold for Pop III Eq. 1
mass threshold with LW feedback Eq. 3
Pop III SFE ⌘

III

= 0.001
Pop II SFE ⌘

II

= 0.01
fraction of faint SNe f

faint

= 40%
metal fallback fraction f

fallback

= 20%
metal ejection fraction f

eject

= 80%
Pop III SN wind velocity v = 10 km/s
lower IMF limit M

min

= 3M�
upper IMF limit M

max

= 150M�
recovery time t

recov

= 100Myr
mean of dilution distribution µ = 10�1.5

width of dilution distribution � = 0.75 dex

Table 1. Parameter values in our fiducial model. This set of
parameters best reproduces observations at [Fe/H]6 �3 as we
show below.

our model and discuss the calibration of the fraction of faint
SNe in Section 3.1. These models are all for faint SNe with
a progenitor mass of 25M�, but can be taken as represen-
tative for faint SNe occurring in the mass range 10�40M�.

3 RESULTS

3.1 Calibration

We use the observed fraction of carbon enhanced metal-poor
(CEMP) stars and the distribution of EMP halo stars to
calibrate our model. However, our model is not intended to
reproduce these functions over a broad metallicity range be-
cause we focus on second generation stars. In general, metal-
poor stars can form after any number of previous generations
of star formation, but each additional enrichment event re-
sults in higher stellar metallicities. Therefore, we focus on
the stars with a metallicity of [Fe/H]6 �3 for calibration
purposes because we can assume that Pop III stars dom-
inate the enrichment of these EMP stars. The fraction of
CEMP stars might be an inherent signature of the metal
yields of Pop III stars (Frebel et al. 2007; Cooke et al. 2011;
Norris et al. 2013; Lee et al. 2013; Cooke & Madau 2014;
Placco et al. 2014; Bonifacio et al. 2015; Maeder et al. 2015;
Ca↵au et al. 2016; Jeon et al. 2017), and thus less a↵ected
by any missing contribution from later generations.

3.1.1 Fiducial model

In this section, we present our fiducial parameters, motivate
that they are physically reasonable, and that they meet ad-
ditional observational constraints. Throughout the paper,
we restrict our analysis to the MW and satellites within
R

vir

= 300 kpc from the MW centre at z = 0 (if not explic-
itly stated otherwise).

The main model parameters and their fiducial values
are summarized in Table 1. The Pop III SFE is a crucial
parameter for stellar archaeology since it defines the gas
mass fraction that turns into stars and hence the average
number of Pop III SNe per minihalo. As well as calibrating
it with stellar archaeology observations, we also enforce two
additional constraints. We require that our choice of ⌘

III

leads to an optical depth for the Thomson scattering of CMB

c� 2017 RAS, MNRAS 000, 1–18

▸ Dilution factor can be inferred from cosmological 
simulations

Hartwig+18(Hydrogen gas mixed with metals)
(Hydrogen gas in the halo)



COSMOLOGICAL SIMULATION ANALYSIS

COSMOLOGICAL SIMULATION

▸ Enzo outputs at z=11, 
13, 15 

▸ “Enriched gas”:　                 

▸ Enriched mass fraction 
is correlated with 
stellar age, rather than 
stellar mass (≒ ESN) 

▸ Determine dilution 
factor by stellar age

Mhalo Mstar Enr. frac. *_age

Enriched 
mass fraction

Enriched 
mass 
fraction

Z >10−3.5Z⊙



METHODOLOGY

CALIBRATION

▸ We fit “CEMP-no fraction” and 
metallicity distribution function 

▸ Best-fit parameters: 

▸ popIII IMF slope = 1.0                 
(linear-flat) 

▸ IMFmax = 150 Msun 

▸ faint SNe fraction = 20% 

▸ Recovery time = 60Myr
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RESULTS

IMPLICATION FROM CALIBRATION

▸ High dilution factor → low [Fe/H] 

▸ More Carbon-rich yield without 
decreasing Fe is required  

▸ Carbon from PISNe around 150Msun ? 

▸ Top-heavy IMF 

▸ Other channels ? 

▸ Binary mass transfer (Arentsen+18) 

▸ Inhomogeneous mixing (Hartwig & 
Yoshida, submitted)
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FUTURE WORK

FUTURE WORK

▸ Confirm age-dilution factor 
relation with a new 
simulation - mass range, 
time resolution 

▸ Other model 
improvements with hydro-
simulation AREPO 

▸ Applications to other 
galaxy physics ?



SUMMARY

SUMMARY

▸ “Dilution factor” can be estimated by stellar mean age 

▸ High [C/Fe] SNe is favored by semi-analytical model

Enriched 
mass 
fraction

Mhalo Mstar Enr. frac. *_age

Enriched 
mass fraction



BACKUP

PISNE METAL YIELD
4 T. Hartwig et al.
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Figure 1. Carbon-to-iron ratio, [C/Fe], as a function of the
Pop III SN progenitor mass (solid, Nomoto et al. 2013). For com-
parison, we also show the yields of Type Ia (short-dashed, Seiten-
zahl et al. 2013) and Type II SNe (long-dashed, Nomoto et al.
2013). The yields for individual faint SNe are based on Chen et al.
(2017) and Ishigaki et al. (2014). PISNe with a progenitor mass of
⇠ 150M� yield a very high [C/Fe] (because they eject relatively
little iron), but PISNe with a progenitor mass of ⇠ 250M� yield
a very low, even significantly subsolar value of [C/Fe]. The ex-
plosion energies of Type II SNe are assumed to be 1051 erg. Faint
SNe with lower explosion energies have generally higher [C/Fe]
because more iron falls back onto the compact remnant.

2014; Ritter et al. 2015, 2016; Sharma et al. 2018; Smith
et al. 2015; O’Shea et al. 2015; Chen et al. 2017).

We do not account for metal enrichment by Type Ia
SNe or red giant branch stars because these processes are
expected to occur at later cosmic times and do not signif-
icantly contribute to the enrichment of second generation
stars (Komiya & Shigeyama 2016).

To model the metal yields from Pop II stars, we assume
that 5% of the stellar mass is eventually ejected as metals
(Vincenzo et al. 2016). Since we are interested in the first
enrichment events, we presume for simplicity that all of these
metals are ejected by Type II SNe. To determine how this
mass of metals is distributed over the individual elements,
we apply the distribution of chemical yields by Nomoto et al.
(2013) for stars at Z = 0.001 and average the contribution
by SNe with di↵erent progenitor masses over a Salpeter IMF
in the range 10� 40M�.

One important observed characteristic of extremely
metal-poor stars is their frequently high carbon-to-iron ra-
tio, which we aim to reproduce in our model by including
faint SNe. We illustrate the [C/Fe] ratio as a function of
Pop III progenitor mass in Fig. 1 for di↵erent types of SNe.
A faint SN refers to an explosion with a very small ejected
56Ni mass either due to a low explosion energy (Chen et al.
2017) or large-scale mixing and fallback in aspherical explo-
sions (Tominaga et al. 2007). To account for faint SNe, we
include the corresponding yields by Ishigaki et al. (2014) in

Parameter Value

mass threshold for Pop III Eq. 1
mass threshold with LW feedback Eq. 3
Pop III SFE ⌘

III

= 0.001
Pop II SFE ⌘

II

= 0.01
fraction of faint SNe f

faint

= 40%
metal fallback fraction f

fallback

= 20%
metal ejection fraction f

eject

= 80%
Pop III SN wind velocity v = 10 km/s
lower IMF limit M

min

= 3M�
upper IMF limit M

max

= 150M�
recovery time t

recov

= 100Myr
mean of dilution distribution µ = 10�1.5

width of dilution distribution � = 0.75 dex

Table 1. Parameter values in our fiducial model. This set of
parameters best reproduces observations at [Fe/H]6 �3 as we
show below.

our model and discuss the calibration of the fraction of faint
SNe in Section 3.1. These models are all for faint SNe with
a progenitor mass of 25M�, but can be taken as represen-
tative for faint SNe occurring in the mass range 10�40M�.

3 RESULTS

3.1 Calibration

We use the observed fraction of carbon enhanced metal-poor
(CEMP) stars and the distribution of EMP halo stars to
calibrate our model. However, our model is not intended to
reproduce these functions over a broad metallicity range be-
cause we focus on second generation stars. In general, metal-
poor stars can form after any number of previous generations
of star formation, but each additional enrichment event re-
sults in higher stellar metallicities. Therefore, we focus on
the stars with a metallicity of [Fe/H]6 �3 for calibration
purposes because we can assume that Pop III stars dom-
inate the enrichment of these EMP stars. The fraction of
CEMP stars might be an inherent signature of the metal
yields of Pop III stars (Frebel et al. 2007; Cooke et al. 2011;
Norris et al. 2013; Lee et al. 2013; Cooke & Madau 2014;
Placco et al. 2014; Bonifacio et al. 2015; Maeder et al. 2015;
Ca↵au et al. 2016; Jeon et al. 2017), and thus less a↵ected
by any missing contribution from later generations.

3.1.1 Fiducial model

In this section, we present our fiducial parameters, motivate
that they are physically reasonable, and that they meet ad-
ditional observational constraints. Throughout the paper,
we restrict our analysis to the MW and satellites within
R

vir

= 300 kpc from the MW centre at z = 0 (if not explic-
itly stated otherwise).

The main model parameters and their fiducial values
are summarized in Table 1. The Pop III SFE is a crucial
parameter for stellar archaeology since it defines the gas
mass fraction that turns into stars and hence the average
number of Pop III SNe per minihalo. As well as calibrating
it with stellar archaeology observations, we also enforce two
additional constraints. We require that our choice of ⌘

III

leads to an optical depth for the Thomson scattering of CMB

c� 2017 RAS, MNRAS 000, 1–18

▸ PISNe around 
150Msun produce 
high C/Fe ratio

Hartwig+18



BACKUP

CORRELATION

▸ Changing criterion 
has little effect in 
the range [-3, -6]



BACKUP

HIGH-CARBON, LOW-IRON YIELD

▸ Ffaint = 100% figure 

▸ MDF moves to the left: 
Not enough iron
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