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metal dilution in high-z galaxies

Stellar archaeology to IMF
❖ Direct observation of Pop-III stars is quite difficult.

❖ -> Can we investigate indirectly?

❖ Pop-III properties (like IMF) affects…

❖ Metal yields

❖ Radiation flux

❖ Using semi-analytical model, we search for pop-III IMF that best 
reproduces the observation.



metal dilution in high-z galaxies

What is semi-analytical model(SAM)?
❖ Simplified simulation of galaxy 

in each DM halo: FAST

❖ No resolution inside each halo

❖ → Assume homogeneity

4 T. Hartwig, V. Bromm, R. S. Klessen, S. C. O. Glover

Figure 1. Roadmap, illustrating our model, with references to the relevant sections and equations. Based on the merger tree, we check
which haloes are able to form Pop III stars. These checks include the critical mass, the absence of dynamical heating due to mergers, no
pollution by metals and the strength of the LW background. We assign an individual number of Pop III stars to each successful halo and
determine the influence on their environment. The contribution of Pop I/II star formation is modelled based on the analytical cosmic
star formation history. By comparing to existing observations, we can calibrate our model parameters. Finally, we derive a prediction for
the number of Pop III survivors in the Milky Way and determine constraints on the primordial IMF.
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where f represents the fraction of mass from haloes of mass
M2 at redshift z2 that is contained in progenitor haloes of
mass M1 at an earlier redshift z1 and δ1 = δc(z1) is the
critical overdensity (Eq. 2) at redshift z1. Consequently, the
mean number of haloes of mass M1 into which a halo of
mass M2 splits when one takes a step dz1 up in redshift
(and hence backwards in cosmic time) is given by
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For a mass resolution limit of Mres, the mean number of
progenitors with masses M1 in the interval Mres < M1 <
M2/2 can be expressed as
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below the resolution limit is given by
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Note, that the quantities P and F are proportional to the
redshift step dz1 (Eq. 6). For a given target mass and red-
shift, the galform algorithm generates a corresponding bi-
nary merger tree backwards in time by choosing a redshift
step dz1, such that P ≪ 1, to ensure that the halo is unlikely
to have more than two progenitors at the earlier redshift
z + dz. Next, it generates a uniform random number R, in
the interval 0 to 1. If R > P , then the main halo is not split
at this step. We simply reduce its mass to M2(1−F ) to ac-
count for mass accreted in unresolved haloes. Alternatively,
if R ! P , then we generate a random value of M1 in the

range Mres < M1 < M2/2, consistent with the distribution
given by Eq. (6), to produce two new haloes with masses M1

and M2(1−F )−M1. The same process is repeated for each
new halo at successive redshift steps to build up a complete
tree, which is finally stored at a limited number of output
redshifts, so that each halo can have multiple progenitors at
these discretised output redshifts.
The original galform code systematically underpredicts
the mass of the most massive progenitors for higher red-
shifts. Hence, we use the updated version of the code by
Parkinson et al. (2008), which modifies the progenitor mass
function with a perturbing function

dN
dM1

→
dN
dM1

G(σ1/σ2, δ2/σ2) (9)

to match the halo merger histories of the Millennium simula-
tion (Springel et al. 2005). The best-fitting perturbing func-
tion is given by

G(σ1/σ2, δ2/σ2) = 0.57
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We have chosen this specific implementation of the merger
tree, because on the one hand it provides a fast algorithm
to produce merger trees with arbitrary mass resolution and
on the other hand, it performs best compared to other
codes. Jiang & van den Bosch (2014) recently compared
four different implementations of merger trees and find the
algorithm of Parkinson et al. (2008) to be the only one that
yields the mass assembly history, merger rates, and the
unresolved subhalo mass function in good agreement with
simulations.

2.1.3 Critical Mass for Baryonic Collapse

Whether the primordial gas in a halo can collapse and form
stars mainly depends on its ability to cool, which in turn de-
pends on the abundance of molecular hydrogen in the early
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metal dilution in high-z galaxies

How inhomogeneous??
❖ The metallicity can differ 

by 5 orders of 
magnitude (!!!)

❖ Usually SAM assume 
homogeneity inside 
virial radius

→ Inhomogeneity can play
an important role ! Z ≡ log10[ (metal mass)

(total mass) ] − log10(0.02)



metal dilution in high-z galaxies

How inhomogeneous??
❖ The metallicity can differ 

by 5 orders of 
magnitude (!!!)

❖ Usually SAM assume 
homogeneity inside 
virial radius

→ We take inhomogeneity
 into account… Z ≡ log10[ (metal mass)

(total mass) ] − log10(0.02)



metal dilution in high-z galaxies

How inhomogeneous??
❖ The metallicity can differ 

by 5 orders of 
magnitude (!!!)

❖ Usually SAM assume 
homogeneity inside 
virial radius

By introducing 
a new parameter dZ

dZ

Z ≡ log10[ (metal mass)
(total mass) ] − log10(0.02)



metal dilution in high-z galaxies

What is semi-analytical model(SAM)?
❖ Simplified simulation of galaxy 

in each DM halo: FAST

❖ No resolution inside each halo

❖ → Assume homogeneity

4 T. Hartwig, V. Bromm, R. S. Klessen, S. C. O. Glover

Figure 1. Roadmap, illustrating our model, with references to the relevant sections and equations. Based on the merger tree, we check
which haloes are able to form Pop III stars. These checks include the critical mass, the absence of dynamical heating due to mergers, no
pollution by metals and the strength of the LW background. We assign an individual number of Pop III stars to each successful halo and
determine the influence on their environment. The contribution of Pop I/II star formation is modelled based on the analytical cosmic
star formation history. By comparing to existing observations, we can calibrate our model parameters. Finally, we derive a prediction for
the number of Pop III survivors in the Milky Way and determine constraints on the primordial IMF.
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where f represents the fraction of mass from haloes of mass
M2 at redshift z2 that is contained in progenitor haloes of
mass M1 at an earlier redshift z1 and δ1 = δc(z1) is the
critical overdensity (Eq. 2) at redshift z1. Consequently, the
mean number of haloes of mass M1 into which a halo of
mass M2 splits when one takes a step dz1 up in redshift
(and hence backwards in cosmic time) is given by
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Note, that the quantities P and F are proportional to the
redshift step dz1 (Eq. 6). For a given target mass and red-
shift, the galform algorithm generates a corresponding bi-
nary merger tree backwards in time by choosing a redshift
step dz1, such that P ≪ 1, to ensure that the halo is unlikely
to have more than two progenitors at the earlier redshift
z + dz. Next, it generates a uniform random number R, in
the interval 0 to 1. If R > P , then the main halo is not split
at this step. We simply reduce its mass to M2(1−F ) to ac-
count for mass accreted in unresolved haloes. Alternatively,
if R ! P , then we generate a random value of M1 in the

range Mres < M1 < M2/2, consistent with the distribution
given by Eq. (6), to produce two new haloes with masses M1

and M2(1−F )−M1. The same process is repeated for each
new halo at successive redshift steps to build up a complete
tree, which is finally stored at a limited number of output
redshifts, so that each halo can have multiple progenitors at
these discretised output redshifts.
The original galform code systematically underpredicts
the mass of the most massive progenitors for higher red-
shifts. Hence, we use the updated version of the code by
Parkinson et al. (2008), which modifies the progenitor mass
function with a perturbing function
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→
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G(σ1/σ2, δ2/σ2) (9)

to match the halo merger histories of the Millennium simula-
tion (Springel et al. 2005). The best-fitting perturbing func-
tion is given by

G(σ1/σ2, δ2/σ2) = 0.57
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We have chosen this specific implementation of the merger
tree, because on the one hand it provides a fast algorithm
to produce merger trees with arbitrary mass resolution and
on the other hand, it performs best compared to other
codes. Jiang & van den Bosch (2014) recently compared
four different implementations of merger trees and find the
algorithm of Parkinson et al. (2008) to be the only one that
yields the mass assembly history, merger rates, and the
unresolved subhalo mass function in good agreement with
simulations.

2.1.3 Critical Mass for Baryonic Collapse

Whether the primordial gas in a halo can collapse and form
stars mainly depends on its ability to cool, which in turn de-
pends on the abundance of molecular hydrogen in the early
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metal dilution in high-z galaxies

❖ Simplified simulation of galaxy 
in each DM halo: FAST

❖ No resolution inside each halo

❖ → Assume homogeneity, or 
introduce a parameter to take 
inhomogeneity into account

Use cosmological simulation
 to calibrate this parameter!!

What is semi-analytical model(SAM)?

4 T. Hartwig, V. Bromm, R. S. Klessen, S. C. O. Glover

Figure 1. Roadmap, illustrating our model, with references to the relevant sections and equations. Based on the merger tree, we check
which haloes are able to form Pop III stars. These checks include the critical mass, the absence of dynamical heating due to mergers, no
pollution by metals and the strength of the LW background. We assign an individual number of Pop III stars to each successful halo and
determine the influence on their environment. The contribution of Pop I/II star formation is modelled based on the analytical cosmic
star formation history. By comparing to existing observations, we can calibrate our model parameters. Finally, we derive a prediction for
the number of Pop III survivors in the Milky Way and determine constraints on the primordial IMF.
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where f represents the fraction of mass from haloes of mass
M2 at redshift z2 that is contained in progenitor haloes of
mass M1 at an earlier redshift z1 and δ1 = δc(z1) is the
critical overdensity (Eq. 2) at redshift z1. Consequently, the
mean number of haloes of mass M1 into which a halo of
mass M2 splits when one takes a step dz1 up in redshift
(and hence backwards in cosmic time) is given by
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For a mass resolution limit of Mres, the mean number of
progenitors with masses M1 in the interval Mres < M1 <
M2/2 can be expressed as
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below the resolution limit is given by
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Note, that the quantities P and F are proportional to the
redshift step dz1 (Eq. 6). For a given target mass and red-
shift, the galform algorithm generates a corresponding bi-
nary merger tree backwards in time by choosing a redshift
step dz1, such that P ≪ 1, to ensure that the halo is unlikely
to have more than two progenitors at the earlier redshift
z + dz. Next, it generates a uniform random number R, in
the interval 0 to 1. If R > P , then the main halo is not split
at this step. We simply reduce its mass to M2(1−F ) to ac-
count for mass accreted in unresolved haloes. Alternatively,
if R ! P , then we generate a random value of M1 in the

range Mres < M1 < M2/2, consistent with the distribution
given by Eq. (6), to produce two new haloes with masses M1

and M2(1−F )−M1. The same process is repeated for each
new halo at successive redshift steps to build up a complete
tree, which is finally stored at a limited number of output
redshifts, so that each halo can have multiple progenitors at
these discretised output redshifts.
The original galform code systematically underpredicts
the mass of the most massive progenitors for higher red-
shifts. Hence, we use the updated version of the code by
Parkinson et al. (2008), which modifies the progenitor mass
function with a perturbing function

dN
dM1

→
dN
dM1

G(σ1/σ2, δ2/σ2) (9)

to match the halo merger histories of the Millennium simula-
tion (Springel et al. 2005). The best-fitting perturbing func-
tion is given by

G(σ1/σ2, δ2/σ2) = 0.57
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We have chosen this specific implementation of the merger
tree, because on the one hand it provides a fast algorithm
to produce merger trees with arbitrary mass resolution and
on the other hand, it performs best compared to other
codes. Jiang & van den Bosch (2014) recently compared
four different implementations of merger trees and find the
algorithm of Parkinson et al. (2008) to be the only one that
yields the mass assembly history, merger rates, and the
unresolved subhalo mass function in good agreement with
simulations.

2.1.3 Critical Mass for Baryonic Collapse

Whether the primordial gas in a halo can collapse and form
stars mainly depends on its ability to cool, which in turn de-
pends on the abundance of molecular hydrogen in the early
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metal dilution in high-z galaxies

Motivation
❖ I want to…

❖ predict [Fe/H] of stars in a halo, only by 

❖ total metal mass

❖ total hydrogen mass

❖ and obtain better prediction on Pop-III IMF through SAM 
calibration.



metal dilution in high-z galaxies

Method1: cosmological simulation
❖ Introduce a parameter “dZ” as:

dZ = Zdense − Zall

Z ≡ log10[ (metal mass)
(total mass) ] − log10(0.02)

dZ > 0dZ < 0



metal dilution in high-z galaxies

Result1: correlation matrix
❖                                   

is correlated with:

❖ Zdense

❖ Zall

❖ Mpop2

❖ Mpop3

There’s something between
 stellar mass and dZ!

dZ = Zdense − Zall



metal dilution in high-z galaxies

Result1: distribution of dZ
❖ dZ distribution is different between internal and external 

enrichment.

❖ In internal enrichment, dZ distributes around 0: well mixed

❖ In external enrichment, dZ is mostly negative, and the absolute 
value can be quite large (~ -5 or more)

Bimodality!!

log10(Stellar mass)

dZ



metal dilution in high-z galaxies

Result1: distribution of dZ
❖ dZ distribution is different between internal and external 

enrichment.

❖ In internal enrichment, dZ distributes around 0: well mixed

❖ In external enrichment, dZ is mostly negative, and the absolute 
value can be quite large (~ -5 or more)

Bimodality!!

log10(Stellar mass) Metallicity of all gas Zall

dZ dZ



metal dilution in high-z galaxies

Result1: distribution of dZ
❖ In external enriched haloes, typically dZ ~ -1

❖ Previous works assume good dZ distribution for internal 
enrichment.

-1

External Comparison



metal dilution in high-z galaxies

Result1: distribution of dZ
❖ Why the externally enriched halos have negative dZ?

❖ Pristine gas collapse happens earlier, and then 
enrichment wind cannot penetrate into the cloud.
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metal dilution in high-z galaxies

Method2: the semi-analytical model
❖ SAM has many parameters.

❖ SAM is mainly calibrated by:

❖ the SMHM relation

❖ Internal enrichment fraction 

❖ metallicity distribution function

M*(Mhalo) (to Renaissance, abundance matching)

(to Renaissance)

(to observation)

Inhomogeneous metal mixing in the first galaxies 9

Table 2. Parameter values in our fiducial model. This set of
parameters best reproduces the MDF at [Fe/H] �3 as we show
below.

Parameter Value

Pop III SFE ⌘III = 10
�1 ⇠ 10

�6

fraction of faint SNe ffaint = 0.0 ⇠ 1.0
metal fallback fraction ffallback = 0% ⇠ 100%
metal ejection fraction feject = 100% ⇠ 0%
lower IMF limit Mmin = 1 ⇠ 10M�
upper IMF limit Mmax = 100 ⇠ 1000M�
IMF slope ↵ 1.0(flat) ⇠ �1.35(Salpeter)

Figure 6. The dynamic range of figure 6 could be tight-
ened up to better highlight the di↵erences between the
passed and failed models. As it is, they seem quite simi-
lar. Making the y axis log would also help. Comparison of
MDFs among trees that pass the KS test (green), trees that do
not pass the KStest (red), and a compilation from the literature
(Suda et al. 2008) (black). The observational MDF is very well
reproduced by our model on average.

(so we execute 26 KS tests for each set of model parame-
ters), taking the null hypothesis as “the observed metallicity
distribution was drawn from our model prediction”. Then,
we have a number of trees that pass the 1% significance level
of the KS test for each parameter set. In Fig. 6 we compare
the MDF from observations to our model predictions with
each tree coloured by the KS test result.

We weight the MDF by the mass of stars that is pro-
duced in each metallicity bin. However, we ignore star for-
mation events in ionised haloes because unphysical “spikes”
appeared in the MDF. This feature can be explained that
ionization delays the star formation event and likely to result
in very massive star formation event (Visbal et al. 2018),
which creates the spikes in the MDF. Since our star for-
mation treatment in ionised regions is only approximative
and such extremely massive star formation occurs only in
very few haloes, we have ignored the contribution from such
haloes.

We calibrate the model parameters by maximizing the
number of trees that pass the KS test. We present the pa-
rameters of our fiducial model in Table 2. We find a loga-
rithmically flat IMF in the mass range from 6 M� to 200 M�
with a Pop III SFE of 1% to best reproduce the MDF. For
this set of parameters, 10 trees pass the KS test. Our fidu-

cial model prefers ffaint = 0%, whereas a value of ffaint � 20%

would only allow at most 5 trees to pass. Another set of pa-
rameters that lets 10 trees pass is ↵ = �1 in the mass range
from 3 M� to 250 M�.

Here we explain how to predict the primor-
dial IMF. To improve stability in the prediction, we
employ weighted average quantity as our predicted
“meta” IMF. For weighting, we use the number of
trees passing the KS test.

First we determine the fiducial model parame-
ters by maximizing the number of trees passing the
KS test (see Table 2). Then we modify the IMF-
generating parameters. a sloth has three parameters
to define the Pop III IMF, which are minimum mass
of stars Mmin, maximum mass of stars Mmax, and IMF
slope ↵

dN
d log M

=

(
AM↵

for Mmin < M < Mmax,

0 otherwise.
(23)

For each IMF-generating parameter set, a sloth
calculates 26 predictions of the MDF with 26 merger
trees. Then we apply the KS test for each predicted
function, taking the same null hypothesis as before.
This procedure gives us the number of trees passing
KS test for each IMF-generating parameter set. We
regard them as the reliability, and calculate a“meta-
IMF” by taking the average IMF weighted by the
reliability. The resulting meta IMF is similar to log-
flat IMF. The average stellar mass of the meta-IMF
is 43 M�, and there is one SN per 82 M�.

Even the fiducial parameter set allowed 10 out
of 26 trees to pass the KS test. We assume the in-
ability to let all trees to pass the KS test comes from
the intrinsic di↵erence among the “Milky-Way like”
merger trees. Although they have similar masses at
z = 0, there are various halo merger histories. Since
metal-poor stars are formed mainly at high redshift
universe, such evolutionary di↵erence can have a
quite conspicuous e↵ect.

In Fig. 7 we compare IMFs obtained by our model with
and without metallicity shift, and an independent IMF ob-
tained from numerical simulation (Hirano et al. 2015). Since
the metallicity shift rarely takes large positive/negative
value in the internal enrichment, the IMF prediction does
not change dramatically. We find that the primordial IMF
is not sensitive to the metallicity inhomogeneity. We can ex-
pect that including elemental information such as carbonic-
ity and r-process element abundances increase the predictive
power of this approach. The section on predicting the
Pop III IMF was extremely di�cult to understand,
both in terms of what was actually done and what
was found. If the best-fit model predicts a log-flat
IMF, then how are the meta-IMFs to be seen as an
improvement. Indeed, both meta-IMFs appear to be
roughly equivalent to the log-flat IMF anyway, so
what can all of these additional small features add?
This seems like an over-interpretation of limited re-
sults. We can improve this together once the results
are finalised.

In our work we do not follow metal production from the
heaviest stars (> 260 M�) because they form black holes. Our
archaeological approach is not very sensitive to the mass

MNRAS 000, 1–14 (2019)
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metal dilution in high-z galaxies

Result2: MDF and IMF
❖ Overall MDF looks similar.

[Fe/H]
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[Fe/H] distribution function
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Result2: MDF and IMF
❖ Overall MDF looks similar.
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[Fe/H]
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dZ effect

Result2: The effects of dZ
❖ Increase # of stars in             

-5 < [Fe/H] < -4.

❖ Stars with [Fe/H] < -5 
are mostly from 
external enrichment.

❖ However, the effect on 
IMF seems small:   
IMF prediction is not 
much affected by the 
inhomogeneity.



metal dilution in high-z galaxies

Summary
❖ (high-z) galaxy is inhomogeneous. The inhomogeneity 

is prominent in externally enriched halos. Dense gas is 
metal-poor, because metal-rich wind cannot penetrate 
into gas cloud.

❖ We may observe [Fe/H] < -4 stars more often than 
previously we have imagined.

❖ metallicity inhomogeneity only plays a minor role on 
MDF and consequently on IMF.



Introduction

Importance of mixing
https://www.ipmu.jp/ja/20190524-FirstStars
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Figure 1. Model spectrum for an age of 13 Gyr and solar metallicity. The spectrum has been smoothed with a velocity dispersion of σ = 350 kms−1, equal to the
smoothing applied to the early-type galaxy data analyzed in this paper. Strong features are labeled. Also included is the location of the true stellar continuum,
which is the spectrum that would be observed in the absence of all line opacity. In this figure the model spectrum is computed entirely from synthetic stellar
spectra, whereas for the main analysis the synthetic spectra are only used differentially.

the preferential loss of metals via winds (e.g., Tinsley 1979;
Thomas et al. 1999). The sensitivity of [α/Fe] to all of these
processes significantly complicates the interpretation of this
ratio. Nonetheless, it has become standard practice to as-
sume that the [α/Fe] ratio is telling us something about the
timescale of star formation. By comparing to simple closed-
box chemical evolution models, Thomas et al. (2005) con-
cluded that the [α/Fe] ratios of the most massive galaxies
in their sample, with σ ≈ 300 kms−1, implied star formation
timescales of only ∼ 200 Myr. These short inferred star for-
mation timescales, if correct, would have profound implica-
tions for our understanding of the formation of the most mas-
sive galaxies in the universe.
The analysis of spectral indices is beginning to give way

to the modeling of the full optical-NIR spectra of stellar sys-
tems. This approach has great potential, and is now frequently
used to measure star formation histories and metallicities
non-parametrically (Heavens et al. 2000; Cid Fernandes et al.
2005; Ocvirk et al. 2006; Tojeiro et al. 2009). Recently, such
full spectrum fitting models have been extended to include
variation in the elemental abundance patterns (Walcher et al.
2009; Conroy & van Dokkum 2012a), paving the way to ro-
bustly measuremany parameters from integrated light spectra.
This paper is part of an ongoing series focused on modeling

very high quality optical-NIR spectra of early-type galaxies
with full-spectrum fitting stellar population synthesis (SPS)
techniques. In Conroy & van Dokkum (2012a, CvD12), we
presented the model, and in Conroy & van Dokkum (2012b)
we used that model to measure the low-mass IMF from the
spectra of 34 nearby early-type galaxies and the nuclear bulge
of M31 (based on data presented in van Dokkum & Conroy
2012). In Conroy et al. (2013) we presented results on the
neutron-capture elements Sr and Ba based on our local galaxy
sample and on the stacked spectra that are the focus of this
work. In the present paper we measure the ages, detailed
abundance patterns, and effective temperatures of the stars in

early-type galaxies drawn from the SDSS. In a subsequent
paper we will discuss the low-mass IMFs inferred for these
galaxies.
The rest of this paper is organized as follows. Section 2 pro-

vides an overview of the SPS model and our fitting technique,
Section 3 describes the data, and Section 4 presents a test of
the model by fitting to spectra of metal-rich star clusters. Our
main results are presented in Section 5, and in Section 6 we
compare our derived properties to results based on other mod-
eling techniques. A discussion and summary of our results is
provided in Sections 7 and 8.

2. MODEL & FITTING TECHNIQUE
The SPS model used herein was developed in

Conroy & van Dokkum (2012a, CvD12), to which we
refer the interested reader for details. The model employs
standard SPS techniques, including combining libraries of
isochrones and stellar spectra. We use isochrones from
three separate groups, all of which are solar metallicity with
solar-scaled abundance patterns.
Empirical spectra form the base of the model. We

make use of two separate libraries, the MILES library,
which covers the wavelength range 0.35µm < λ < 0.74µm
(Sánchez-Blázquez et al. 2006), and the IRTF library of cool
stars, which covers the wavelength range 0.81µm < λ <
2.4µm (Cushing et al. 2005; Rayner et al. 2009). The empiri-
cal stars are of approximately solar metallicity and have solar
abundance patterns. We have computed a large grid of syn-
thetic stellar atmospheres and spectra in order to model the
relative change in the spectrum of a star due to a change in
the abundance of a single element. We chose 20 positions
along a 13 Gyr isochrone to compute synthetic spectra for
each abundance pattern. The model atmospheres and spec-
tra were computed with the ATLAS12 model atmosphere and
spectrum synthesis package (Kurucz 1970, 1993), ported to
Linux by Sbordone et al. (2004). The line list was provided

❖ Mixing connects source 
event and current 
observations.

Mixing inside galaxy



metal dilution in high-z galaxies

❖ Initially halos are “pristine”.

❖ If each halo satisfies all the criteria, it forms PopIII/II stars 
and enrich the halo.

Method2: Star formation in the SAM

PopIII criteria:
・The halo is massive enough

・The halo is pristine

・The Lyman-Werner feedback is not too strong

PopII criteria:
・The halo is massive enough

・The halo contains enough coolants

❖ star formation can also 
enrich neighboring halos



metal dilution in high-z galaxies

CEMP fraction



metal dilution in high-z galaxies

Method1: cosmological simulation
❖ “Renaissance simulation”: Large volume, Good resolution

107M⊙

https://rensimlab.github.io/showcase.html


