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Abstract. Modern cosmological simulations suggest that the hierarchical assembly of dark mat-
ter halos provided the gravitational wells that allowed the primordial gases to form stars and
galaxies inside them. The first galaxies comprised of the first systems of stars gravitationally
bound in dark matter halos are naturally recognized as the building blocks of early Universe. To
understand the formation of the first galaxies, we use an adaptive mesh refinement (AMR) cos-
mological code, Enzo to simulate the formation and evolution of the first galaxies. We first model
an isolated galaxy by considering much microphysics such as star formation, stellar feedback,
and primordial gas cooling. To examine the effect of Pop III stellar feedback to the first galaxy
formation, we adjust the initial temperature, density distribution and metallicity distributions
by assuming different IMFs of the first stars. Our results suggest that star formation in the
first galaxies is sensitive to the initial conditions of Pop III supernovae and their remnants. Our
study can help to correlate the populations of the first stars and supernovae to star formation
inside these first galaxies which may be soon observed by the (James Webb Space Telescope
JWST).

Keywords. methods: numerical, galaxies: formation, galaxies: evolution, (ISM:) supernova
remnant

1. Introduction

Recent theoretical studies suggest that the first galaxies form about several hundred
million years after the Big Bang. The next generation of facilities such as James Webb
Space Telescope (JWST) will be able to probe the Universe at redshift >∼ 10. If these
first galaxies are bright enough, they are likely to be observed by such the coming big
telescopes. The key to understand the formation of the first galaxies is to study the
chemical and radiative feedback from the stars formed prior to them. In this work, we
aim to study the influence of the first supernovae by testing different Pop III initial
mass functions (IMFs) on the Pop II star formation inside the first galaxies. We mainly
simulate the merging process of the Pop III supernova remnants (SNR) in an isolated
galaxy. Therefore, our simulations achieve a much higher resolution than other typical
cosmological simulations. The initial conditions are constructed manually to examine the
effect of different assumptions of Pop III IMF.

2. Numerical Setup

We perform the simulations using the adaptive mesh refinement code Enzo. Our sim-
ulation includes a dark matter halo with an NFW profile, self-gravity of baryon, and
chemical cooling. The fiducial setup for our halo is with a mass of 109 M� and a 1 kpc
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Figure 1. Density-weighted projection plots of the initial gas density distribution of three
simulations. Left, middle and right panels show model A1 (Salpeter IMF), model A2 (Flat IMF),
model A3 (Hirano IMF), respectively.

Figure 2. Density-weighted projection plots of gas density distribution at the last snapshots
of the three simulations. Left, middle and right panels show model A1 (Salpeter IMF), model
A2 (Flat IMF), model A3 (Hirano IMF), respectively.

core radius. We utilize the nine-species (H, H+, He, He+, He++, e−, H2, H
+
2 , H

−) non-
equilibrium chemistry model in Enzo to calculate the cooling rate of the primordial gas.
We calculate the metal cooling rate following the method of Glover & Jappsen (2007).
For star formation and stellar feedback, we follow the model of Cen & Ostriker (1992).
We adopt a minimum stellar mass of 1 M� with a star formation efficiency of 0.05.
The initial condition of our isolated galaxy is constructed by a spherical cloud of

pristine gas with a uniform density profile. SNRs are implemented into the galaxy based
on different Pop III IMFs and are added a drift velocity to the SNRs based on the free
fall velocity. In this work, we approximate SNRs into spheres and adopt radial physical
profiles. We consider three types of them based on the simulations from Chen et al. (2014,
2015); core-collapse supernovae (CCSNe), hypernovae, and pair-instability supernovae
(PISNe), respectively. The remnants coming from CCSNe have a radius of 500 pc and
lowest metallicity and density, the remnants coming from hypernovae have a radius of
1 kpc and intermediate metallicity and density, and the remnants coming from psne have
a radius of 1.5 kpc and highest metallicity and density. We adopt three different Pop III
IMFs and construct three models (A1, A2 and A3). In model A1, we adopt a Salpeter
IMF Salpeter (1955) for the Pop III stars with a peak at 10 M�. As a result, most of the
Pop III stars dies as CCSN. In model A2, we adopt a Flat IMF and thus, the number
of different types of SNRs are equal. In model A3, we reference from the cosmological
simulation by Hirano et al. (2015) that most of the Pop III stars are massive and die as
PISN. The initial gas density distribution of the three models is shown in Fig. 1.

3. Results

We show the gas distribution in Fig. 2, the zoomed-in gas density ditribution at star-
forming sites in Fig. 3, and the stellar mass distribution in Fig. 4 at the last snapshot of
the three simulations, respectively. We find that the merging process is different among
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Figure 3. Zoomed-in density-weighted projection plots of gas density distribution at the last
snapshots of the three simulations. Left, middle and right panels show model A1 (Salpeter IMF),
model A2 (Flat IMF), model A3 (Hirano IMF), respectively. The coordinate of the center of
the plot in the left panel is chosen to be (4.6, 4.2, 4.4) kpc from the lower-left corner instead of
(5, 5, 5) kpc as in the other two panels.

Figure 4. Stellar mass distribution at the last snapshots of three models. Left, middle and right
panels show the stellar mass distribution of model A1 (Salpeter IMF), model A2 (Flat IMF),
model A3 (Hirano IMF), respectively.

the three models. In model A1, we observe a bar structure appearing in a region deviated
from the center. We believe this is because of the asymmetric distribution of the SNRs.
When the SNRs merge and collide with each other, part of the gas is squeezed out of the
central region of the halo. Therefore, the densest regions and star-forming sites are not
in the central part of the halo. In Fig. 3(a), we show the star-forming regions and the
white dots represent individual stars. Note that the center of the plot is shifted that it is
not the center of the halo anymore. There are ∼3,600 stars at 60 Myr and the resulting
stellar mass distribution in this model can be described by a power law. In model A2,
the region with highest density remains in the center but we also observe a bar structure
along with filaments. In Fig. 3(b), we find more star-forming sites than in model A1.
There are over 8,000 stars at 58 Myr. The stellar mass distribution of this simulated
galaxy can also be described by a power law with a steeper slope than A1. We find a
second peak in the stellar mass distribution that we think it comes from the contribution
of star formation in another star-forming site. In this model, we find more star-forming
sites. In model A3, the galaxy is initially occupied by the remnants and the region with
highest density locates in the center. We observe some filamentary structures in the outer
regions where the SNRs collide with each other before entering the central part of the
halo. The galaxy has evolved shorter than the other two galaxies but has a much earlier
star-forming time. There are ∼4,800 stars at 31 Myr. The stellar mass distribution of this
simulation can be described by a power law with a much flatter slope than A1 and A2.

4. Discussion

We perform a series of simulations with various initial conditions based on different
assumptions of Pop III IMFs. We find that the star formation history is sensitive to the
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initial Pop III IMFs. The slope of the stellar mass distribution is flat when all of the
first stars are massive and die as PISN. The Pop II stars in all three models inherit the
metallicity information from the first supernovae and their star formation is concentrated
in certain regions, because the thermal feedback of Pop II stars is not strong enough to
halt the rapid star formation. To resolve the issue, we are implementing a more realistic
feedback with radiative transfer to our simulations.
Besides the uniform density profile, we plan to consider the pristine clouds with a

gradient density profile to examine the possibility of Pop III star formation in the first
galaxies. We will follow the method in Wise et al. (2012) to consider Pop III SF and
PopII SF separately by adopting the metallicity criterion. If the gas metallicity is > 10−6

Z�, PopII SF is used, and if the metallicity is < 10−6 Z�, Pop III SF is used. We will
also investigate the dark matter halos of first galaxies by considering different halo mass
and core radius. Our ultimate goal is to develop observational diagnostics for JWST and
provide useful insight into the IMF of the first stars.

Akio Inoue: Do you have any idea to distinguish the three scenarios observationally in
the future?

Li-Hsin Chen: We will be calculating the luminosity of the stars we formed. If we find
it being different because the stellar mass distributions differ, we may be able to tell the
scenarios apart.

Andrea Merloni: How much do you think the dynamical and kinematical initial
conditions of your simulation influence the statistical properties of subsequent stellar
generations?

Li-Hsin Chen: I think the dynamics and kinematics have more impact on the star
formation site distribution. Unless the dynamics of the turbulence is so strong to change
the mixing of the metals. I believe the stellar mass is more related to the cooling, which
is affected by the metal content.
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