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Abstract

We investigate the absorption features associated with a gas-rich dwarf galaxy, using cosmological hydrodynamics
simulations. Our goal is to explore whether the progenitors of the lowest-mass dwarf galaxies known to harbor
neutral hydrogen today (M M106

* » , M M4 10halo
9= ´ ) could possibly be detected as Damped Lyα

Absorbers (DLAs) over cosmic time. We trace the evolution of a single dwarf galaxy, preselected to contain DLAs,
from the era of the first metal-free, so-called PopulationIII (Pop III) stars, down to z=0, thus allowing us to study
the metal enrichment history of DLAs associated with the simulated galaxy. We find that the progenitors of the
simulated dwarf are expected to be seen for most of their evolution as DLAs that are contaminated by normal,
PopulationII stars. The time period during which DLAs are only metal-enriched by PopIII stars, on the other
hand, is likely very brief, confined to high redshifts, z6. The susceptibility of the dwarfs to the external UV
radiation background allows them to preserve neutral gas only at the center (a few ∼100 pc). This results in a small
probability that the simulated dwarf would be observed as a DLA. This study suggests that DLAs are unlikely to be
hosted in the lowest-mass dwarfs that can harbor neutral gas (M M4 10halo

9 ´ ), below which neutral gas is
unlikely to exist. However, this study does illustrate that, when detected, absorption lines provide a powerful
method for probing ISM conditions inside the smallest dwarf galaxies at intermediate to high redshifts.

Key words: galaxies: abundances – cosmology: theory – galaxies: dwarf – galaxies: formation – galaxies: high-
redshift – hydrodynamics

1. Introduction

The most common dwarf galaxies, with stellar masses
M M107
*   and virial masses M M10vir

9 , are of
fundamental importance to our understanding of galaxy
formation (for a review, see Tolstoy et al. 2009). Their intrinsic
faintness (with optical luminosities L L10V

6 ) limits the
direct observation of their stellar component to nearby sources.
Therefore, to gain insight into the properties and evolution of
such galaxies, an alternative observational strategy is needed.
In particular, probing the absorption features associated with
dwarf galaxies enables us to investigate their gas conditions
and ongoing star formation at different cosmic times. We can
thus reconstruct their star formation histories (SFHs), to be
compared with the predictions from increasingly realistic
numerical simulations.

It has long been suggested that damped Lyα absorption
(DLA) systems are vital tools to explore the gaseous conditions
in and around the associated galaxies (for a review, see Wolfe
et al. 2005 and Krogager et al. 2017). DLAs are generally
defined as gas clouds with neutral hydrogen column density
exceeding N 10 cmH

20.3 2
I = - through the detection of DLA

absorption lines in quasar spectra (e.g., Wolfe et al. 1986). The
nature of DLAs has been extensively discussed in previous
studies, particularly regarding questions as to which parts of a
galaxy’s environment—or which types of galaxies—represent
DLA systems. For instance, Prochaska & Wolfe (1997) have
initially suggested that DLAs originate from a massive disk
galaxy, while Haehnelt et al. (1998) have proposed that the
properties of the observed DLAs can be explained by infalling

small systems during the galaxy assembly process. Some
studies suggest that DLAs might be associated with a specific
galaxy class—such as actively star-forming galaxies at high
redshifts, classified as Lyα emitters (e.g., Fynbo et al.
2001, 2003; Rauch et al. 2008; Krogager et al. 2013;
Noterdaeme et al. 2014), or more massive galaxies with stellar
mass of M1010~ , selected as Lyman-break galaxies (e.g.,
Møller et al. 2002; Verhamme et al. 2008; Steidel et al. 2010).
A more direct way of probing the underlying origin of DLAs

is to find their galaxy host counterparts via emission (e.g.,
Møller et al. 2004; Fynbo et al. 2010, 2011, 2013; Krogager
et al. 2013; Jorgenson & Wolfe 2014; Zafar et al. 2017). The
flux-limited search, however, is likely to be biased to observe
bright galaxies, thus missing faint, low-mass galaxies.
Absorption-based DLA observations, on the other hand, are
not hampered by the flux of galaxies, instead allowing one to
explore a broad range of galaxy populations (e.g., Fynbo et al.
1999; Fumagalli et al. 2015). Assuming that the luminosity
correlates with metallicity (Ledoux et al. 2006; Fynbo et al.
2008; Christensen et al. 2014), Krogager et al. (2017) have
recently confirmed that DLAs appear to trace a broad range of
galaxy mass, luminosities, and star formation properties. The
authors have argued that the X-shooter campaign targets metal-
rich DLAs. Its high detection rate of DLA counterparts,
compared to blind surveys, thus suggests that the paucity of
counterparts at low metallicity may be attributed to the inability
of current facilities to detect faint galaxies.
To understand conditions in the pristine, early universe,

metal-poor DLAs are of particular interest, as they might either
be associated with dwarf galaxies that have barely evolved
chemically, or with infalling cold gas streams that feed galaxies
at high z (e.g., Pettini et al. 2008; Cooke et al. 2011, 2015;
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Banados et al. 2019). Vigorous theoretical efforts based on
cosmological hydrodynamic simulations have been made in
order to study the origin of DLAs (e.g., Katz et al. 1996;
Gardner et al. 1997, 2001; Prochaska & Wolfe 1997; Haehnelt
et al. 1998; Nagamine et al. 2007; Pontzen et al. 2008; Tescari
et al. 2009; Hong et al. 2010; Cen 2012; Rahmati &
Schaye 2014; Bird et al. 2015; Yuan & Cen 2016; Berry
et al. 2016). The focus, however, has been on DLAs associated
with rather massive galaxies (virial masses of
M M10vir

10 11 
– ). In this study, we investigate the absorption

features of gas associated with the assembly history of dwarf
galaxies. We analyze a gas-rich dwarf galaxy, formed within a
cosmological hydrodynamics, zoom-in simulation
(Mvir=4×109, M M8.8 105

* = ´ , M M4 10gas
7= ´  at

z=0), where we trace cosmic evolution starting from the era
of the first generation of stars, the so-called PopulationIII
(Pop III), down to z=0. We refer the reader to our previous
work (Jeon et al. 2017) where the SFH of this dwarf has been
analyzed in detail.

The main goal of this work is to examine whether the
progenitors of local, gas-rich dwarf galaxies, e.g., analogs of
present-day galaxies like Leo P and Leo A, could possibly be
detected as DLA systems over cosmic time. In particular, we
explore what such possible absorption signatures look like, and
what the metal abundances inferred from DLAs can tell us
about the metal-enrichment history of a dwarf galaxy.
Specifically, because we explicitly consider the contribution
of heavy element enrichment from the first stars to the build-up
of metals in dwarf galaxies, we can test the hypothesis that very
metal-poor DLAs could contain the unique signature of PopIII
nucleosynthesis (e.g., Frebel et al. 2007; Salvadori et al. 2007;
Cooke et al. 2011, 2017; Salvadori & Ferrara 2012; Kulkarni
et al. 2013; Webster et al. 2015).

One of the key challenges in elucidating early cosmic
evolution is to understand the physical nature of the first
generation of stars, formed a few hundred million years after
the Big Bang (for a review, see Bromm 2013). Due to the
dramatic cosmological flux dimming, directly detecting
individual PopIII stars during their short lifetimes, 10Myr,
is out of reach even for the upcoming next generation of
ground-based extremely large telescopes, as well as for the
James Webb Space Telescope. Alternatively, one possible way
of directly detecting PopIII stars is through their death—if
they die in very luminous explosions via a pair-instability
supernova (PISN) with energies of 1051-53 erg (e.g., Whalen
et al. 2013; Hartwig et al. 2018), or other types of super-
luminous supernovae with similar extreme explosion energies
(e.g., Umeda & Nomoto 2003). Such difficulty in directly
detecting PopIII stars with existing and upcoming telescopes
renders metal-poor DLAs possible alternative probes to
indirectly search for the signatures of the first stars.

Recently, Cooke et al. (2017) have reported the discovery of
extremely metal-poor DLAs with iron abundance of [Fe/
H]<−2.81 at z=3.1, using the high-resolution Keck HIRES
spectrograph. Comparing the observed DLA abundance
patterns with the nucleosynthetic yields of metal-free stars,
they have suggested that the chemistry of the discovered DLA
gas is consistent with the yields from a M20.5  PopIII star
that died as a core-collapse supernova (CCSN). Interestingly,
they inferred a large column density, N 10 cmH

20.32 2
I = - ,

which is sufficiently high to trigger star formation, leading
them to propose that this system might be an immediate

precursor to the formation of a first galaxy, or an ancestor of the
local dwarf galaxies. Whether DLA systems continue to retain
clear PopIII signatures would depend on when the transition in
star formation mode is achieved from PopIII to the second,
PopulationII (Pop II), generation of metal-poor stars. Typi-
cally, this transition takes place at very early epochs, z12,
depending on the mass of a host halo, such that more massive
systems are likely to revert to PopII star formation at earlier
times. Once the transition is accomplished, the PopIII
enrichment signature will be rapidly erased by the contribution
from second-generation stars (e.g., Ji et al. 2015).
Another key factor governing the connection between gas in

dwarfs and observed DLAs is whether the gravitational
potential of the host halo can hold onto neutral gas, instead
of allowing it to be blown away by stellar feedback and the
external ultraviolet (UV) radiation background. Observations
show that local ultra-faint dwarf (UFD) galaxies, with
M*<105 M, tend to be devoid of gas within their virial
volume, while more massive dwarf galaxies in the field often
turn out to be gas-rich (e.g., McConnachie 2012). This
indicates that, in order for dwarfs to be seen as DLAs, their
host halo should be massive enough to shield the gas from the
external UV background and to retain the gas subjected to
internal stellar feedback such as supernovae. Jeon et al. (2017)
also found a mass threshold of M M z4 10 0vir

9 ´ =( ) in
order for a dwarf to retain gas in neutral phase until z=0. This
study explores one of these systems in detail. At the same time,
they should be in isolation, so as not to lose gas through
environmental effects, such as ram pressure stripping and tidal
interactions.
This paper is organized as follows. In Section 2, we briefly

describe the simulations and adopted methodology. The main
results concerning the spectra and corresponding abundance
analysis are given in Section 3. We compare our results with
observations in Section 4. Finally, in Section 5, we summarize
our main findings and discuss overall implications. For
consistency, all distances are expressed in physical (proper)
units unless noted otherwise.

2. Methodology

2.1. Dwarf Galaxy Simulations

We use the results of cosmological hydrodynamic simula-
tions of dwarf galaxy formation presented in Jeon et al. (2017),
where we have performed zoom-in simulations for six sets of
dwarf galaxies by tracing their evolution from the era of the
first stars down to z=0. Here, we focus on the most massive
system in our suite of simulations, HALO6, with a mass of
M M z4 10 0vir

9= ´ =( ). This is because HALO6 is the only
galaxy that has maintained neutral hydrogen gas up to the
present day, while the less massive systems in the mass range
of M M M z1.5 10 4 10 09

vir
9´ < ´ = ( ) lack any dense

neutral gas, which has been, predominantly, evaporated by the
photoheating during reionization at z6. We employ
GADGET (Springel et al. 2001; Springel 2005), a smoothed
particle hydrodynamics (SPH) code, with well-tested modules
for baryon physics implemented, specifically for star formation,
population synthesis, as well as stellar radiative and supernova
feedback, mainly taken and modified from the OWLS
simulations (Schaye et al. 2010). We refer the reader to our
previous work for further details (Jeon et al. 2017). A novelty
of the simulations is that we have explicitly included the
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enrichment from metal-free stars, tracing the metal species
released by PopIII stars. We can thus study the imprint of the
PopIII yield signature in the second generation of PopII stars.

Figure 1 shows the maximum hydrogen number density (top
panel) and the star formation rate (bottom panel) for three of
our simulated galaxies, HALO1 with
M M z1.5 10 0vir

9= ´ =( ), HALO5 with
M M z3 10 0vir

9= ´ =( ), and HALO6 with
M M z4 10 0vir

9= ´ =( ), as a function of cosmic time. We
have introduced reionization as a uniform UV background at
z=7 (Haardt & Madau 2012), starting from zero strength, and
increasing it to its full amplitude by z=6. As is evident in
Figure 1, the star formation in HALO1 has been completely shut
off below z∼6, whereas HALO6 has continued forming stars
down to z∼3, followed by bursty star formation up to the
present day. At z=0, we find stellar masses of
M M4.3 104
* = ´  and M M8.8 105

* = ´  for HALO1
and HALO6, respectively. We note that HALO1 is representative
of the other modeled halos (HALO2-4) at this mass scale.

We should note that all stars in HALO1 formed prior to
reionization, while HALO6 has continuously built up stellar
mass over cosmic time. The reason for this dichotomy is that
the progenitor of HALO6 was sufficiently massive to prevent

complete photoevaporation during reionization, resulting in the
survival of high-density gas. As a result, until z=3, the
maximum gas density in HALO6 remains close to ∼10 cm−3,
which is high enough to continue star formation. Afterward,
HALO6 experiences episodic star formation due to the interplay
between the fallback of ejected gas, mixed in with the accretion
of pristine IGM material, and outflows triggered by stellar
feedback. The other massive halo, HALO5, also shows an SFH
trend similar to that of to HALO6 (displayed as a gray dotted–
dashed line in Figure 1), but no neutral gas with sufficiently
high column density (NH I1020.3 cm−2) for DLAs is found in
HALO5. We find that the fraction of time that HALO6 spends in
a DLA state is ∼35% over the cosmic time. The persistence of
neutral gas renders HALO6 the only suitable candidate to
exhibit DLA features during its assembly history. Thus,
throughout this paper, “the simulated galaxy” specifically
refers to HALO6. We caution that the results in this work should
be considered as an illustrative, individual case, rather than
establishing a generalized trend, given that we preselect a
galaxy from our simulation suite that can harbor DLAs.
Although, of the six simulated UFD galaxy analogs in Jeon
et al. (2017), only one was able to maintain neutral gas at
densities sufficient to produce observable DLA features. This
suggests that this scenario may be rare at these mass scales.
In these simulations, we self-consistently follow the

evolution of heavy elements in the ISM of dwarf galaxies
and the diffuse IGM, contaminated both by PopIII and PopII
stars. At each timestep, the masses of individual metal species
newly produced in PopIII and PopII stars are calculated,
based on our population synthesis model. Initially, the SN
ejecta are evenly distributed among the neighboring
SPH particles, Nneigh=48, and are subsequently transported
further onto the surrounding particles. Metal diffusion is
implemented by following the methodology of Greif et al.
(2009), where the diffusion coefficient of each SPH particle is
computed based on the gas properties on the kernel scale.
For the metal abundance ratios of PopIII supernovae (SNe),

we have adopted the IMF-weighted yields by integrating over a
flat IMF, dN/dM∝M−1+ γ (where γ=1 for a flat IMF), in
the range M10 150 – . Massive metal-free stars with main-
sequence masses in the range M10 100 – are expected to
explode as CCSNe, whereas for M140 260 – they are expected
to die as PISNe. We adopt the PopIII metal yields provided by
Heger & Woosley (2002) for PISNe and Heger & Woosley
(2010) for CCSNe. In particular, Heger & Woosley (2010)
provide yields for PopIII CCSNe for 120 different masses in
the range of M10 100 – . Each star experienced an explosion,
triggered by a piston located at the base of the oxygen shell,
thus providing the final kinetic energy to the ejecta. We choose
the final set of yields for metal-free stars with a typical
explosion energy of 1.2×1051 erg and a standard mixing
prescription. For PopII, we calculate the IMF-weighted yields
by assuming a Salpeter-like IMF, employing a power-law slope
of γ=1.35, together with the nucleosynthetic yields from
metal-enriched stars for different metallicity, as provided by
Portinari et al. (1998).

2.2. Column Density and Metal Absorption Spectra

In order to generate artificial DLA spectra and the associated
metal absorption lines from the cosmological hydrodynamics
simulations, we use the FAKE SPECTRA code developed by
Bird et al. (2015). Note that we have verified the robustness of

Figure 1. Assembly history of three dwarf galaxies, taken from our previous
work (Jeon et al. 2017). The halo mass of each dwarf at z=0 is listed in the
legend. Top: evolution of maximum gas volume density. Bottom: star
formation rate (SFR) vs. cosmic time or redshift. From our simulations, we
select the least massive system (HALO1), and two more massive ones (HALO5
and HALO6). Unlike HALO1, the other two systems, HALO5 and HALO6, have
sustained gas at high density at late epochs, but no neutral H I gas with high
column density, eligible for DLAs, is found in HALO5. Therefore, the most
massive halo, HALO6, is a suitable candidate to probe the DLA features
associated with a small dwarf galaxy. Thus, throughout the paper, “the
simulated galaxy” refers to HALO6.
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the derived absorption spectra by additionally employing the
TRIDENT code (Hummels et al. 2017), but focus here on the
results from FAKE SPECTRA. In general, gas column densities
are computed by projecting the three-dimensional density field
onto a two-dimensional grid along the projection axis. In order
to resolve the simulated dwarfs, we assign each grid cell a
linear size of 10 pc (comoving). We test the results by changing
the cell size, and verify that the derived column densities are
converged at the 2% level. Specifically, the column density,
when projected along the x axis, is derived by

N z n x dx1 , 1H
2

HI Iò= +( ) ( ) ( )

where nH I is the neutral hydrogen number density in comoving
units. The ionization states of H and He are provided as outputs
from the simulations, where we have solved a nonequilibrium
chemistry solver at every timestep. On the other hand, the ion
fractions of the metal species are computed by assuming
ionization equilibrium to circumvent the computational cost of
solving the corresponding network of rate equations. As for
neutral hydrogen, we calculate the column density of ionization
state i of metal species X, NX, i, by projecting its number density
onto the two-dimensional grid. In doing so, we extract the total
number density of a given metal element from our simulations,
where the gas metallicity is self-consistently assigned through
the diffusion of metals ejected from SNe, as described in
Section 2.1. Subsequently, metal ionization fractions are
computed with the photoionization code CLOUDY (Ferland
et al. 2013), where an interpolation is carried out over gas
temperature and hydrogen number density in the presence of an
external UV radiation field. For simplicity, we here assume that
gas temperatures and densities are constant within a given gas
cell along the projection column. The resulting column density
of a given metal ion is then given by

N z n x f dx1 , 2iX,
2

X X iò= +( ) ( ) ( )

where nX is the total number density of the element and fXi
the

fraction of the ith ionization state, computed within CLOUDY
under the assumption of ionization equilibrium.

Here, we briefly summarize the methodology of generating
synthetic absorption lines, described in Bird et al. (2015). We
choose sight lines to penetrate the center of a simulated galaxy,
such that the highest-density neutral gas always lies in the line
of sight, possibly generating a DLA system. The total
absorption along each sight line is the sum of the absorption
arising from each gas cell, computed by convolving the Voigt
profile, v( ) with a density kernel. The optical depth is
computed as follows:

v n v H z r , 32 2
perp
2t = ´ +( ) ( ( ) ) ( )

where a redshift space position, v, is defined as v=H(z)
x+vpar. Here, H(z) is the Hubble parameter at a given redshift,
x the position of the gas cell in the box, and vpar the velocity of
the cell parallel to the line of sight. The physical quantities are
interpolated along a sight line using the smoothing kernel,

n v H z r2 2
perp
2+( ( ) ), which is a function of the distance from

the cell center to a point in the cell, where rperp is the distance
perpendicular to the line of sight. The smoothing length is

chosen to be the radius of a sphere comparable to the volume of
the grid cell. We choose the simulated spectra to have a spectral
pixel size of 0.01 km s−1.

3. Results

In the following, we present our results. First, in Section 3.1,
we present the properties of DLAs associated with the
simulated galaxy. In particular, we discuss the distribution of
column densities of the gas and present the resulting absorption
spectra. Based on the physical properties of the DLAs, we
discuss the derived relation between velocity width and
metallicity in the galaxy. In Section 3.2, we analyze the
abundances patterns of the DLAs and compare with those of
observed dwarfs.

3.1. DLAs in the Simulated Galaxy

We focus on the gas properties within the simulated dwarf
galaxy, at three representative redshifts, corresponding to the
early evolution at z=7, an intermediate snapshot at z=3, and
the present-day situation at z=0. With those properties in
hand, we are then able to construct synthetic spectra for the
possible DLA phases.

3.1.1. Column Densities

Figure 2 shows the hydrogen number density (top left panel)
and the gas temperature (bottom left panels) in a box with a
linear size of 8 kpc, centered on the simulated halo at z=0.
While its virial radius is rvir∼32 kpc, the high-density gas,
nH1 cm−3, only exists in the central region within ∼1 kpc.
As seen in the temperature map, a majority of gas,
approximately 70%, is heated to above T∼104 K, except for
the self-shielded gas at the center, where the average
temperature is about 103.5 K. We note that the gas within
r 50 pc from the center is pushed out, establishing a ring-like
structure, as can be seen in the figure. This is due to the
ongoing star formation, followed by SN energy input, with an
estimated star formation rate of about M M10 yr4 1

* =
- -

˙ at
z=0 (see bottom panel of Figure 1).
Unlike observed UFDs in the vicinity of the Milky Way, the

simulated dwarf shows a substantial amount of gas in the
neutral phase. Specifically, we have found a mass of warm
neutral hydrogen of M M2.8 10H I, w

6= ´ , corresponding to
10% of the total gas, and M M9.3 10H , c

4
I = ´  in a cold H I

medium. Here, we define the warm and cold H I phases
according to T∼104 K and T 300 K, respectively (e.g.,
Wolfire et al. 2003). We note that we have targeted an isolated
dwarf galaxy, indicating that certain environmental effects,
such as ram pressure stripping and tidal interactions, are not
present. Otherwise, any remaining neutral gas could have been
stripped away by these effects. Therefore, we may consider our
simulated galaxy to be an analog of local field dwarfs, such as
LeoP or LeoT, which are gas-rich dwarfs with neutral
hydrogen gas contents of M M2.8 10H

5
I = ´  and

M M9.3 10H
6

I = ´ , respectively.
In Figure 2, we also present column densities for neutral

hydrogen and select metal species, specifically neutral oxygen,
singly ionized silicon, and singly ionized carbon (middle and
rightmost columns). As can be seen, the gas with high H I
column density, N 10H

20.3
I  cm−2, eligible to produce DLA

systems, is concentrated within the central r 1 kpc. This
implies that, in order to observe DLA systems arising from

4

The Astrophysical Journal, 878:98 (13pp), 2019 June 20 Jeon, Besla, & Bromm



neutral gas within a dwarf galaxy, lines of sight need to
penetrate its central region. To illustrate the evolution of the
system, Figure 3 shows the same quantities as in Figure 2, but
for z=3. At this earlier stage, the virial mass of the simulated

galaxy is M M7 10vir
8» ´ , and the virial radius

rvir≈6.8 kpc.
In Figure 4, we compare column densities at a different

impact parameter b for three illustrative redshifts. At z=0, the

Figure 2. Projection of hydrogen number density (top left) and gas temperature (bottom left) along the x-axis, centered on the simulated galaxy with
M M4 10vir

9= ´  at z=0, in a box with a linear size of 8 kpc. Compared to the entire extent of the dwarf galaxy, which has a virial radius of ∼32 kpc, high-density
gas (nH1cm−3) is only present within ∼1 kpc. Except in the central region, where the gas is self-shielded from external UV radiation, the majority of the gas in the
dwarf is heated to above T 104~ K. Middle and right panels: column densities of H I, O I, Si II, and C II (clockwise from upper middle), evaluated at z=0. The
column density reaches up to N 10 cmH

21 2
I ~ - for neutral hydrogen, while the maximum column densities for metal ion species is 10 cm17 2~ - . We also superimpose

dark matter isodensity contours onto all panels, with intervals corresponding to a factor of 10 difference in dark matter density.

Figure 3. Gas properties and column densities at intermediate redshifts (z = 3), to be compared to Figure 2 (for z = 0). Here, the projections are along the y axis. The
corresponding virial mass and radius are M M7 10vir

8» ´  and r 6.8 kpcvir » , respectively. While the total gas mass is comparable (M M2 10gas
7» ´ ) at both

z=3 and z=0, the ISM of the galaxy at z=3 is more thoroughly ionized, resulting in a more compact morphology of the high-density gas (nH1 cm−3), which is
confined to the very center of the galaxy.

5
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H I column density rises to NH I≈1021 cm−2 at the center
(b=0), and gradually drops with increasing impact parameter,
reaching N 10 cmH

14 2
I » - at 4 kpc. Column densities of singly

ionized carbon and silicon are broadly distributed, as well, with
central values of N 10 cmC

16 2
II » - and N 10 cmSi

15 2
II » - ,

respectively. On the other hand, O I and Fe II column densities
more steeply decrease with increasing distance from the center.
This is because oxygen and iron are likely to be in their singly
(O II) and doubly ionized (Fe III) states beyond r 1.2 kpc~ ,
where the diffuse ISM, n 10 cmH

3 3< - - , is heated to
T 104 K. As shown in the middle panel of Figure 4, high
column density gas is more concentrated at z=3. In particular,
H I column density decreases from N 3 10 cmH

20 2
I » ´ - by

four orders of magnitude at 700 pc, while N 10 cmH
16 2

I » - is
reached at a radius of 1.6 kpc at z=0. For z=3, O I and Fe II
column densities also drop more sharply.

At z=7, we show column density distributions within a
minihalo, which is a progenitor in the assembly tree of the
dwarf, with a virial mass and radius of M M10vir

6=  and
r 200vir = pc. Therefore, we present column densities only
within 200 pc in the bottom panel of Figure 4. The central high
column density gas is fairly evenly distributed over a radius of
100 pc, and sharply truncated beyond. We note that the H I
column density is as high as N 10 cmH

20 2
I ~ - in the minihalo,

marginally sufficient to imprint a DLA feature. If the gas in a
minihalo is only contaminated by PopIII stars, which is
plausible in such low-mass settings, it would provide us with a
unique opportunity to probe the first generation of stars through
such DLA observations (e.g., Jaacks et al. 2018).

As is evident in Figures 2 and 3, the high column density
gas, able to imprint a DLA feature, is only located at the center
of the galaxy. In order to study the concentration of high
column density gas, we present cross-sections, the areas
occupied by a given column density, in Figure 5. Specifically,
the area occupied by gas with column density larger than
N 10 cmH

20.3 2
I = - , which is the definition of a DLA system, is

about ≈1 kpc2 at z=0, reduced to 0.2 kpc2» at z=3. We
found that the total amount of gas in the dwarf is roughly the
same, at M M4 10gas

7» ´  both at z=3 and z=0, whereas
the halo virial mass grows from M M7 10vir

8» ´  (z= 3) to
M M4 10vir

9» ´  (z= 0). This is due to the vulnerability of
the dwarf caused by stellar feedback. Immediately after z≈3,
the gas is significantly heated and ionized both by stellar
feedback from in situ stars and external UV radiation (see our
Figure 1, and also Figure 2 in Jeon et al. 2017), lowering the
total amount of gas mass by a factor of ∼5 by z≈2.3.
Afterward, the gas is replenished through mergers, allowing the
galaxy to recover the total amount of gas with
M M4 5 10gas

7» - ´  at z2. Given the similar amount
of total gas in the galaxy, the difference in the cross section
between z=3 and z=0 can be attributed to the ionization
state of the gas. This is clearly demonstrated in Figures 2 and 3,
showing that the galaxy’s ISM is significantly more ionized
earlier on, with a fraction of warm neutral gas of ≈4% at z=3,
while it is ≈20% at z=0. We emphasize, however, that such
comparison derived in this work is based on a single dwarf
galaxy, and thus is not representative of a general trend.
As such, the probability of generating DLA systems

associated with dwarf galaxies (M M10vir
9 ) might be

Figure 4. Column density of H I and metal ion species at various values of the
impact parameter, b, along the x-axis at z=0, 3, and 7 (top to bottom). The
high column density gas that satisfies the DLA threshold, N 10 cmH

20.3 2
I > -

{ ,
is located near the galactic center, r 500 pc at z=0, while the gas is more
concentrated at z=3. For the minihalo progenitor at z=7, the virial radius is

100 200~ – pc, and we therefore show gas column densities only within 200 pc
(bottom panel).

Figure 5. The cross section, or area occupied by neutral gas in the simulated
dwarf at z=0 (orange) and z=3 (blue), as a function of NH I column density.
The projected area for gas with column density greater than N 10 cmH

20.3 2
I = -

is about ≈1 kpc2 at z=0, and it decreases to ≈0.2 kpc2 at z=3. We interpret
this difference between z≈3 and z 0» as a consequence of the variation in
the ionization state due to stellar feedback. Also, the bump at N 10 cmH

21 2
I ~ -

(z = 0) is a particular feature of the simulated galaxy. We emphasize that,
although the cross sections in dwarf galaxies are small, the fact that low-mass
galaxies are more abundant, owing to the steep faint-end slope of the
luminosity function, could compensate in setting the overall probability of
detecting DLAs associated with small dwarf galaxies (e.g., Krogager
et al. 2017).

6

The Astrophysical Journal, 878:98 (13pp), 2019 June 20 Jeon, Besla, & Bromm



small, because the photon path from a background source
ought to penetrate the central region of the dwarf galaxy. At
z∼3, the area occupied by high H I column density further
decreases as the ISM is ionized by stellar feedback. We should
note that, even though the neutral gas cross sections of the
progenitors of low-mass dwarfs (M M z4 10 0vir

9» ´ =( ))
are small, the effect of luminosity function weighting, where
small galaxies are more abundant, could boost DLA detections
associated with such tiny galaxies (e.g., Fynbo et al. 1999).
Recent results by Krogager et al. (2017) have suggested that the
DLA observational data suggests a very flat probability
distribution across luminosities by weighting with the lumin-
osity function.

Aside from the main target galaxy, HALO6, we also consider
an additional simulated dwarf, HALO5, that reaches a virial
mass of M M3 10vir

9» ´  (z=0), experiencing brief
episodes of star formation at intermediate redshifts (for
example, at z=0.5; see Figure 1). In order to ascertain
whether this dwarf might produce a DLA system, we compute
the H I column density in HALO5 at the moment of star
formation. Interestingly, there is no noticeable neutral gas with
column density as high as N 2 10 cmH

20 2
I  ´ - . This implies

that the observability of neutral gas, in the form of DLAs, will
also be sensitive to the timing of the observations, given that
neutral gas in dwarfs is likely to be ionized and dispersed by
stellar feedback. Thus, the most promising moment to observe
a DLA phase would be immediately prior to a star formation
event. Also interestingly, Møller et al. (2018) have reported a
DLA-selected galaxy at z=0.716, which is the second-most
massive DLA-selected galaxy known, with stellar mass of

M1010.8» . The DLA has a large molecular gas reservoir of
M M10mol

10.4= , but has no counterpart in flux-limited
samples. The authors have suggested that such failure to detect
a counterpart could imply that the galaxy might be in between a
starburst and post-starburst phase, resulting in a wide CO
profile and low star formation rate. Additional recent observa-
tions of DLA and sub-DLA galaxies with relatively low SFRs
(Kanekar et al. 2018; Rhodin et al. 2018, 2019) have supported
a post-starburst scenario. Molecular gas densities would then be
reduced by the feedback from previous star formation, and an
extended molecular disk would render the galaxy more easily
detectable as DLAs.

3.1.2. Synthetic Absorption Spectra

A selection of absorption lines imprinted by different metal
species is shown for the simulated dwarf galaxy at z=0, 3,
and 7 in Figures 6–8, respectively. As explained in Section 2,
we employ the FAKE SPECTRA package, which generates
absorption profiles along a single ray. We choose a sightline
that passes through the dense neutral cloud at the center of the
simulated galaxy. Specifically, we investigate select heavy-
element absorption features for low-ionization species, such as
C II, Si II, and O I, which are known as suitable tracers of the
kinematic and density structure in DLA systems (e.g.,
Prochaska & Wolfe 1997). In Figures 6–8, we show spectra
in velocity space with a unit of km s−1 for the simulated galaxy
at different redshifts. Finally, we also show the damped Lyα
profile for the z=0 case in Figure 9.

At z=0, the resulting metal absorption lines arising from
the gas at the center of the simulated galaxy exhibit saturated
absorption features owing to the high column densities present
there. As shown in Figure 4, we find N 10 cmC

16 2
II » - ,

N 10 cmO
16 2

I » - , and N 10 cmSi
15 2

II » - , respectively. At
z=3, gas column densities for the metal species are similarly
high, again resulting in saturated line shapes. On the other
hand, while the H I column density in the minihalo at z=7 can
reach as high as N 10 cmH

20 2
I » - , the column densities

associated with the metal ions are lower by 5–6 orders of

Figure 6. Select metal absorption lines associated with the DLA gas at z=0.
The C II, O I, and Si II lines are all saturated, owing to the high gas metallicity
of Z Z0.12» .

Figure 7. Same as Figure 6, but for z=3. Again, all lines are strong enough to
achieve saturation.

Figure 8. Same as Figure 6, but for z=7. At this early time, most lines are still
weak, reflected in the unsaturated line profiles.
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magnitude, leading to weak, unsaturated lines. The reason is
that the gas in the minihalo is barely enriched, with typical
metallicities of Z10 3 -

 at z=7. We note that the DLA
features are produced by penetrating the gas cloud along a
given axis, and the resulting absorption lines are likely to show
nearly symmetric profiles in velocity space. However, the
nature of the absorption features can change, depending on the
density and velocity structure of the gas.

3.1.3. Velocity Width and Metallicity

It has been suggested that DLAs could be a powerful tool to
study the population of star-forming galaxies over a wide range
of properties (e.g., Ledoux et al. 2006; Murphy et al. 2007;
Fynbo et al. 2008; Prochaska et al. 2008; Jorgenson et al. 2013;
Møller et al. 2013; Neeleman et al. 2013; Christensen et al.
2014; Krogager et al. 2017). While a mass–metallicity (MZ)
relation drawn from emitting galaxies is likely to be biased
toward luminous galaxies, DLAs tend to sample galaxies
across the luminosity range. Using the observed velocity
widths of metal absorption line profiles as a proxy for stellar
mass of the galaxies, Ledoux et al. (2006) have suggested that
DLAs follow an absorption-based version of the MZ relation
(DLA MZ). The redshift evolution of this relation has been
investigated with enlarged samples by, for example, Neeleman
et al. (2013) and Møller et al. (2013). Furthermore, Christensen
et al. (2014) have confirmed the DLA MZ relation predicted by
Møller et al. (2013) through direct measurements of the stellar
masses of 12 DLA galaxies.

In order to verify whether this trend also applies to the
present work, we compute the corresponding widths for the
metal lines considered. As originally proposed, the Δv90 line
width measure corresponds to the velocity range that covers
90% of the cumulative optical depth across a DLA, and is
defined as v v v90 high lowD = - . Here, vhigh and vlow are the
velocities where the integrated optical depth is 95% and 5% of
the total, respectively. Specifically, the Si II1808Å transition
line, a typical example of an unsaturated line, is often used to
evaluate Δv90. For our simulated galaxy, we estimate
Δv90=13.4, 14, 13 km s−1 at z=0, 3, and 7, respectively.
The halo mass increases from M M5 10vir

8= ´  at z=3 to
M M4 10vir

9» ´  at z=0, in which the stellar mass is
M M6.1 105
* » ´  at z=3, which is 70% of the final stellar

mass M M8.8 105
* = ´  at z=0. At z≈7, we show the

properties of two DLAs, which reside in the main progenitor
halo, i.e., the most massive halo, and in the minihalo that will
eventually merge into the main progenitor halo. The reason we
additionally choose the latter is that this minihalo is the only
place where we find a DLA that is solely contaminated by first-
generation stars, while the DLA metal enrichment in the main
halo has already been significantly progressed by both PopIII

and PopII stars, thus erasing pure signatures of PopIII stars.
At z≈7, the virial (stellar) masses of the main halo and the
minihalo are M M3 10vir

8» ´  M M1.9 105
* » ´ ( ) and

M M M M5 10 10vir
6 4

*» ´ » ( ), respectively.
We find the metallicity of the DLA phase in our simulated

galaxy to be [M/H]≈−0.8 at z=0, which is larger than the
observed values by a dex at a given velocity width, as seen in
Figure 10. The gas, responsible for the DLAs in the simulated
dwarf, is located near the center of the galaxy, implying an
impact parameter b close to 0. This is also the region where star
formation mainly takes place, resulting in a high metallicity of
the surrounding medium, compared to the gas in the outskirts.
Therefore, we expect a gradient in metallicity, such that the
metallicity decreases with increasing impact parameter. Obser-
vationally, Christensen et al. (2014) suggest a metallicity offset
of M H 0.022 0.004D ~ - [ ] dex kpc−1. Our simulated
galaxy shows a similar metallicity gradient,

M H 0.026 0.001D » - [ ] dex kpc−1 at z=0.
Figure 10 shows that the velocity with Δv90 barely changes

over cosmic time, while the metallicity increases from [M/
H]≈−1.34 at z≈7 to [M/H]≈−0.67 at z=3. We note
that the metallicity of the PopIII DLA that resides in the
minihalo at z≈7 is [M/H]≈−2.52 (pink square), which is
∼1.2 dex lower than the DLA in the main progenitor halo. The
reason that our simulation tends to show higher metallicity than
the observed values is that, as shown in Section 3.3.1, the
simulated DLAs are associated with the most central gas cloud
(r 500 pc), which is hence also the most polluted one. The
simulated galaxy, moreover, has a distinctly low mass
(M M106
* < ). Therefore, it is unable to shield itself against

the external radiation that ionizes the gas in the outer parts of
the galaxy and thus confines the neutral gas to the central
region. On the other hand, the observed DLA absorbers appear
to be associated with more massive galaxies with stellar masses

Figure 9. Damped Lyα absorption profile, imprinted by the neutral gas in the
center of the dwarf galaxy at z=0.

Figure 10. Metallicity vs. velocity width in DLAs. The observations, denoted
by cyan diamonds (Møller et al. 2013) and blue open circles (Neeleman
et al. 2013), indicate that DLA metallicities become larger with increasing
Δv90, which is a proxy for stellar mass. For z=7, we show two DLAs located
in the main halo, the most massive progenitor halo (red filled circle), and in a
minihalo (pink square), where a PopIII DLA resides, exhibiting unique
signatures of PopIII stars. As estimated for the simulated dwarf, Δv90 remains
small across cosmic time. We find that ∼70% of stars have already formed at
z=3, giving rise to a stellar mass of M M6.1 106

* = ´ . The estimated
metallicities of the DLAs in this work are higher than the observed values. One
of the possible reasons for this is that the DLAs are associated with central star-
forming gas clouds that are substantially metal-polluted, leading to an offset
from the observed metallicity–Δv90 trend.
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M M108
*   (Christensen et al. 2014), such that DLAs can be

associated with the gas throughout a galaxy.
In Figure 11, we compare the metallicity of the gas

associated with the DLAs at z=0, 3, and 7 from this work
(red filled circles and pink square) with mean DLA metallicities
from observations by Rafelski et al. (2012) (blue circles) and
Møller et al. (2013) (cyan circles). For the highest redshift, the
result is derived from a GRB DLA at z 5.9» (Hartoog et al.
2015). We also compare with the results from cosmological
simulations (Maio & Tescari 2015; Jaacks et al. 2019) in the
higher-redshift regime (z 6> ). The values from Møller et al.
(2013) correspond to the binned metallicity from DLAs, which
have a velocity width of ΔV=100 km s−1, and the cyan and
blue dashed lines are the best fit to the data of Møller et al.
(2013) and Rafelski et al. (2012), respectively. The redshift
evolution indicates a similar trend for both data sets at redshifts
lower than z=2.6, while the results from Møller et al. (2013)
favor a rather flat (no) evolution at high redshifts z>2.6,
which is further supported by the data from GRB DLAs
(Arabsalmani et al. 2015; Hartoog et al. 2015). The derived
metallicity of the simulated DLA at z=7 in the main
progenitor halo also shows a similar metallicity of [M/
H]=−1.34. The derived DLA metallicity in the simulated
galaxy at z=3, on the other hand, is larger than the values
from observations. We emphasize that our simulated DLA
metallicity is based on a single dwarf galaxy, while the
observed metallicities are cross section weighted averages over
a range of galaxy masses. Additionally, as previously
mentioned, the high metallicity of the DLAs in the simulated
dwarf arises because the DLAs originate from the central star-
forming gas clouds.

We note that we have ignored radiative transfer of ionizing
photons. Thus, one possible numerical reason for the presence
of high-metallicity gas at the center of the galaxy is the lack of
photoionization heating prior to an SN explosion. Although

this process in itself may not be sufficient to evacuate the
enriched gas from the system at late epochs, photoionization
heating could have played an important role in transporting
metal-enhanced gas to larger distances. Otherwise, the polluted
gas is likely to remain at the center of the galaxy due to the
deeper potential well at late times. The importance of including
photoionization heating is also pointed out in Simpson et al.
(2013), where the 1–2dex difference in stellar metallicity
between observations and their simulations is attributed to
metals not being expelled to larger distances in the absence of
photoionization heating or radiation pressure. Recently, Corlies
et al. (2018) have analyzed metal enrichment histories of dwarf
galaxies at z7, based on the simulations of Wise et al.
(2012), where photoionization heating and radiation pressure
feedback from SNe were taken into account. They found more
widely distributed metals further into the IGM, but stellar
metallicities within the analyzed galaxies were still higher than
observations, establishing the need for further improvement in
the simulations.

3.2. Abundance Analysis

One of the important questions associated with observed
DLAs is which stellar populations have contributed to their
enrichment, and at what cosmic times. To understand the
enrichment history of our simulated DLAs, we derive the
abundances of select metal species from our simulation, and
compare them with those inferred from population synthesis
models for PopIII and PopII stars. We aim to explicitly test
the intriguing hypothesis that metal-poor DLA systems might
correspond to gas clouds that have experienced only a single
episode of enrichment from first generation star formation, or a
small number of such enrichment cycles.
In Figure 12, we present estimates for select metal yields

from PopIII and PopII star formation (black solid and dashed
lines, respectively). We compare the two population models
with the metal ratios in our simulated DLA clouds, at z=0, 3,
and 7. At low and intermediate redshifts, z=0 and 3, the metal
ratios derived from our simulations are consistent with the
PopII enrichment pattern, as can be seen in the middle panel of
Figure 12. On the other hand, as shown in the bottom panel, the
abundance ratios at z=7 are in good agreement with the
PopIII pattern. We conclude that the period during which gas
clouds exhibit the signature of exclusively PopIII enrichment
is very brief, confined to redshifts z7 and to gas residing in
minihaloes. Such gas clouds are likely to be polluted by
subsequent PopII star formation, erasing the memory of
PopIII metal yields.
The moment when the transition from PopIII to PopII

occurs depends on the mass of the halo hosting the PopIII
stars; smaller haloes are more susceptible to SN feedback, as
they are unable to retain their gas. In addition, more energetic
SNe can render a host halo increasingly sterile, leading to a
longer time delay between PopIII and PopII star formation.
This delay can be quantified by the recovery time, i.e., when
PopII stars can form after the initial episode of PopIII activity.
Specifically, the recovery timescale is on the order of a few tens
of Myr for a typical minihalo that experiences a CCSN, while it
can reach a few hundred Myr when a PopIII star dies as a
PISN with an explosion energy of ESN=1052 erg (e.g., Jeon
et al. 2014).
As an extreme case, instead of achieving the PopIII-PopII

transition, a halo could only experience PopIII star formation

Figure 11. The gas metallicity derived from DLA observations (those from
Møller et al. 2013 and Hartoog et al. 2015 are shown as cyan circles, and those
from Rafelski et al. 2012 as blue circles) as a function of redshift, in
comparison with the metallicities of DLAs associated with the simulated dwarf
galaxy (red filled circles and pink square). The observed values are the
averaged values within a binned redshift, and the corresponding best fit is
shown as either a cyan or blue solid line. For high redshifts (z 6> ), we
superimpose the fit (black dotted line) and the estimate (black inverted triangle)
that are computed from cosmological simulations for DLAs in a high-z
universe (Maio & Tescari 2015; Jaacks et al. 2019). The derived metallicities of
the DLAs in the simulated galaxy are similar to or larger than observed values
for DLAs. However, we should keep in mind that we are comparing a single
simulated dwarf galaxy with the average values from observations.
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without any further second-generation contribution. The gas
within the halo would then have been enriched only by PopIII
SNe (e.g., Frebel & Bromm 2012). Such conditions, however,
would only be possible in low-mass minihaloes, where the
gravitational potential is too shallow to reassemble the gas
evacuated by PopIII SN feedback. Star formation would thus
be permanently quenched in such a system. Furthermore, the
minihalo should be isolated and not merge with other haloes,

which would likely trigger further star formation as the gas
supply would be replenished. However, the minihaloes
explored in this work are progenitors of the target dwarf
galaxy, and thus merges into a larger central halo rather than
remaining in isolation. As displayed in Figure 12, the
occurrence of gas with a PopIII abundance pattern is limited
to minihaloes at high z. Afterward, gas in the progenitor haloes
is continuously contaminated by second-generation stars, thus
rapidly erasing the pure PopIII signature. Our findings are in
line with results from previous studies (e.g., Salvadori &
Ferrara 2012; Ji et al. 2015).
We present select observational data (top panel of Figure 12)

for metal-poor DLAs ([Fe/H]<−2) at 2.0<z<3.7 (Cooke
et al. 2011), and for higher-redshift cases with 4.7<z<6.3
(Becker et al. 2012). Intriguingly, Cooke et al. (2011) suggest
that the enrichment of very metal-poor DLAs could be
explained either by PopIII CCSNe, or the yields from low-
metallicity (Z Z1 3< ) PopII SNe, based on the nitrogen
abundance, which plays a critical role in distinguishing
nucleosynthetic pathways. On the other hand, the DLA
abundance ratios from Becker et al. (2012), depicted as blue
triangles in Figure 12, are consistent with the integrated yields
from PopII SNe. This implies that, in the systems studied by
Becker et al. (2012), the PopIII-PopII transition already takes
place at z 4.7> , and thus is in agreement with our simulation
results. However, the observed DLAs may probe an environ-
ment different from our simulation, suggesting alternative
metal enrichment histories.
As discussed above, over most of cosmic time, the

progenitors of the simulated gas-rich dwarf galaxy, if detected,
will be seen as DLAs polluted by metals from PopII stars,
whereas the period during which PopIII DLAs exist in dwarfs
is expected to be very brief and confined to early epochs,
z6. Note, however, that Kulkarni et al. (2013) suggest that
the imprint of PopIII SNe on the metal ratios of DLAs will be
strong enough to be detectable at z≈6. In any case, our
estimates of ionic column densities in PopIII enriched
minihaloes at z∼7 (see Figure 4) are similar to—or higher
than—those of already observed DLAs at z≈6 (Becker et al.
2012), reinforcing DLAs as a possible tool to study early
chemical enrichment by metal-free stars. We note that, in
addition to the abundance patterns discussed in this work,
abundance anomalies reported in GRB observations at z=5.9
(Hartoog et al. 2015) can also be used to diagnose the imprint
of the first generation of stars.

4. Comparison with Stellar Component and SFH

A striking difference between observed DLAs and the gas
responsible for the DLA signature in our simulation is that the
simulated gas-phase metallicity reached during the assembly of
the dwarf is significantly higher than what is seen in
observations. To further examine whether the simulated galaxy
is in reasonable agreement with observations, we compare its
inferred stellar metallicities with those of member stars in the
observed gas-rich, irregular dwarf galaxies SagDIG, Aquarius,
and LeoA. Their stellar masses are M1.8 106´ ,

M1.5 106´ , and M3.3 106´ , respectively (Kirby et al.
2017), similar to the M M106

* »  of our simulated dwarf
galaxy.
In Figure 13, we show the distribution of stellar metallicities

of the simulated galaxy as a function of radial distance, which
is normalized by the half-light stellar radius, rh=438 pc. The

Figure 12. DLA abundance patterns. Shown are select metal ratios derived
from population synthesis models for PopIII (solid black line; triangles) and
Population II stars (dashed black line; squares), compared to the ratios
associated with the DLA progenitors of the simulated dwarf galaxy and
observations of real DLAs. Top panel: black triangles and squares connected
with black solid and dashed lines represent the ratios of metal species that are
produced by SNe from PopIII progenitors in the mass range of M10 150 – and
from PopII stars with M1 100 – , respectively. We also display observations
for metal-poor DLAs at 2.0<z<3.7 (Cooke et al. 2011) with red triangles,
and for higher redshift DLAs at 4.7<z<6.3 (Becker et al. 2012), denoted by
blue triangles. Middle panel: metal ratios associated with the DLA progenitors
of the target dwarf at z=0 and 3. They are in a good agreement with the metal
yields synthesized by PopII SNe. Bottom panel: the gas clump in a minihalo
contains metal ratios that are consistent with those created by PopIII SNe. We
only find a PopIII dominated pattern for gas inside a minihalo at z7,
because the PopIII metal ratios are quickly wiped out by enrichment from
PopII SNe.
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color coding denotes the stellar age, exhibiting the expected
trend that stellar metallicity rises with increasing cosmic time,
but old stars with stellar metallicity as high as [Fe/H]≈−1.2
already exist when the age of the universe is only 1.5Gyr. The
three dIrr systems, superimposed as filled circles, tend to host
stars with a broad range of stellar metallicity, reaching from
[Fe/H]≈−2.8 to [Fe/H]≈−0.5. Furthermore, Kirby et al.
(2017) argue that the metallicity gradient of these galaxies is
shallow, with a near-zero effective slope for SagDIG. We
should note that other dIrrs such as Cetus or Tucana may be
better analogs to the simulated galaxy, given that they appear to
form more than 90% of their stars 10Gyr ago. However, we
prefer to compare with gas-rich dwarfs where high-resolution
spectroscopic data is available. In addition, Cetus and Tucana
seem to contain little to no neutral gas.

A noticeable difference between the simulated galaxy and
the three dIrrs lies in their SFHs. We find that the simulated
dwarf has formed more than 70% of stars, corresponding to
M M6 105
* = ´ , before z=4. The majority of stars thus

have ages older than 12Gyr, while the three Local Group
galaxies are late-forming dwarfs. Among them, LeoA is the
most recently formed dwarf, with a fraction of ancient stars of
less than 10% (Cole et al. 2007) and an average stellar
metallicity of 〈[Fe/H]〉=−1.67 (Kirby et al. 2017). SagDIG
is a similarly young, fast-growing dwarf, with a UV-measured
SFR of M7.2 10 yr4 1´ - -

 (Karachentsev & Kaisina 2013)
and a corresponding average stellar metallicity of 〈[Fe/
H]〉=−1.88 (Kirby et al. 2017).

Aquarius appears to have two main populations, one ancient
(>10 Gyr) and the other young (∼300Myr) (Ordoñez &
Sarajedini 2016), with mean stellar metallicity of 〈[Fe/
H]〉=−1.5 (Kirby et al. 2017). The inferred SFH of Aquarius,
explained by quenching of star formation in the early universe
and the rebirth of activity at late epochs, is similar to what the
simulated dwarf has experienced. However, only 10%~ of
stars in Aquarius formed more than 10Gyr ago (Cole et al.
2014), while 70% of stars in the simulated galaxy had already
formed prior to z=4. Differences in stellar metallicity could
be explained by such distinct SFHs. Due to the early burst of

star formation, the simulated galaxy is already metal-enriched
up to 〈[Fe/H]〉∼ −1.2 by z=4, while Aquarius likely
remained metal-poor until the delayed resumption of star
formation activity. Any late-forming stars in Aquarius would
thus inherit its initially low gas-phase metallicity, reflected in
an overall more metal-poor stellar population, compared to the
simulation. Despite the detailed stellar metallicity distribution
arising from different SFHs, we show that the spread of stellar
metallicity in the simulated dwarf is consistent with that of the
observed dwarfs (see also Jeon et al. 2017).
In Figure 14, we further compare the average [Fe/H] of stars

in the simulated dwarf with observed values of MW dSphs,
M31 dSphs, and Local Group dIrrs, showing reasonable
agreement. It is encouraging that the stellar metallicity inferred
for our simulated dwarf is close to observational estimates,
leading to the interpretation that its current gas-phase
metallicity, which covers only a small fraction of the dwarf (see
Figure 5), is significantly enhanced above the past-averaged
metallicity, as encoded in the stellar component. This
explanation is in line with the fact that the simulated dwarf
formed more than 70% of its stars at early times, when most
gas was still metal-poor. Release of heavy elements by
subsequent TypeIa SNe continuously contributed to the total
metal content of the galaxy, thus ramping up the gas-phase
metallicity. Also, as the gravitational potential well becomes
deeper, the galaxy more efficiently holds on to its metal-
enriched gas.

5. Summary and Conclusions

We have explored the evolution of metal-enrichment and
neutral gas content in a gas-rich dwarf galaxy, selected from the
cosmological hydrodynamical simulations by Jeon et al.
(2017). We have constructed sample absorption spectra for
neutral hydrogen and select metal species, associated with the
high-density gas in the dwarf galaxy, comparing to observed
high-density gas probed by damped Lyα (DLA) systems at
high redshifts. Among the six zoom-in simulations in Jeon
et al. (2017), we have chosen the most massive, DLA-
harboring galaxy (referred to as Halo6 in Jeon et al. 2017), with
M M4 10halo

9= ´  at z=0. As such, the preselected, gas-

Figure 13. Stellar metallicity of member stars of the simulated dwarf
(transparent background circles) as a function of radial distance normalized by
half-light radius, rh, together with metallicity gradients of the observed gas-rich
dwarf galaxies, SagDIG (red), Aquarius (cyan), and LeoA (blue). The color
map denotes the age of the stars in the simulated dwarf, demonstrating that
overall stellar metallicity tends to rise with decreasing redshift, as one would
have expected. It shows that the spread of stellar metallicity in the simulated
dwarf is consistent with that of the observed dwarfs (see also Jeon et al. 2017).

Figure 14. Mass–metallicity relation of observed MW dSph, M31 dSph, and
Local Group dIrr galaxies (Kirby et al. 2013), together with the averaged stellar
[Fe/H] in the simulated dwarf. The simulation results show reasonable
agreement with the observations. We find that average stellar mass–metallicity
can be normal while gas phase metallicity can be high, indicating that gas phase
metallicity traces current state, whereas stellar metallicity reflects gas
conditions at dominant epoch of star formation.
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rich dwarf galaxy (M M10gas
7= ) maintains sufficiently high

densities to produce DLA features, after surviving the
disruptive effects from reionization and local stellar feedback.
Below M M z3 10 0halo

9 ´ =( ), simulated dwarfs tend to
retain no neutral gas, which is instead removed and ionized by
the external UV background and SN feedback (Jeon et al.
2017). This case study is thus the first detailed analysis of the
chemistry and absorption line systems arising from the lowest-
mass halo that might plausibly contain signatures of Population
III stars in its gaseous content.

We have found that the cross section occupied by neutral
gas, giving rise to DLAs, is very small, on the order of ≈1 kpc2

at z=0, and further reduced to 0.5» kpc2 at z=3. The
difference is attributed to the ionization state of the gas, given
the overall similar amount of gas in the dwarf at both redshifts.
This indicates that detecting gas in low-mass dwarfs as DLAs is
very challenging, strongly depending on the ionization state of
the gas and requiring that any observational sightline should
intersect the center of a dwarf galaxy. Moreover, if a sightline
is aligned with the central region (r a few 100 pc), the gas
probed is likely to be star-forming and could thus be
significantly polluted with metals, resulting in heavily saturated
metal absorption lines. We also demonstrate that DLAs can
only tell us about the current metallicity of their host system,
and the inferred gas-phase metallicity does not need to be
similar to the stellar metallicity, which probes the past-average
value.

Due to the small cross section covered by high column-
density neutral gas, the velocity width associated with the DLA
is expected to be small, with Δv90≈14 km s−1 over cosmic
time from the progenitor minihalo at z=7 to the final dwarf at
z=0. This causes the simulated galaxy to be offset from the
empirical Δv90–metallicity relation, because the central gas
cloud at radii of a few 100 pc is highly metal-enriched. The
metal enrichment history of the simulated dwarf is imprinted in
the evolving chemical abundance pattern of the gas, expressed
as ratios between different metal species. Specifically, gas
preserving the unique signature of PopIII stars could be
discovered in the progenitor minihaloes at high redshifts,
z7. Such fingerprints, however, are likely to be erased by
subsequent metal enrichment from PopII SNe, resulting in gas
clouds that mainly exhibit PopII abundance patterns at
intermediate and recent times, in agreement with DLA
observations.

This result implies that only the lowest-mass dwarfs, residing
in minihaloes that are both isolated and have very low merger
rates, can preserve clear signatures of first-generation star
formation. The dwarfs that satisfy these conditions are expected
to be at the extreme low-mass end of the mass function, with
M M z10 0vir

7 8» =-
( ), and only experiencing PopIII star

formation. Furthermore, the possible observable epochs for
such PopIII DLAs might be limited to high redshifts, z7.
The alternative scenario is one where neutral gas is retained by
the dwarf after reionization through mergers or accretion, but
does not trigger any subsequent star formation, such that the
only contamination is from Population III stars.

In contrast, the simulated dwarf studied in this work has
experienced early metal enrichment, quickly forming more than
70% of stars prior to z 4» , corresponding to the stellar mass of
M M3 105
* = ´  by z 4» . As a result, the galaxy was

already composed of stars with a wide range in metallicity,
from [Fe/H]≈−5 to as high as [Fe/H]≈−1.2 by z=4,

giving rise to the average stellar metallicity of [Fe/H]≈−1.5
at z=0, in reasonable agreement with what is observed in
local dwarf galaxies. Thus, the lowest-mass, gas-rich dwarf
galaxies observed today (Leo A, Leo P) are unlikely to be
observable as DLAs with Population III signatures at high
redshifts. However, a larger sample size may produce a wider
variation in SFHs, and thus metal enrichment histories, than the
case study presented here. As such, it remains plausible that
some fraction of extremely metal-poor DLAs may be
associated with low-mass dwarf galaxy hosts.
DLA absorption features are a valuable tool, allowing us to

investigate the conditions in the ISM and IGM at any given
cosmic time. Compared to the observed metal-rich DLA
systems, ascertaining the origin of metal-poor DLAs and
inferring the physical nature of their associated host systems
still remains challenging, primarily due to the faintness of their
counterparts in emission. We finally note that the paucity of
bright quasars at z6 suggests an alternative way of probing
cosmic metal enrichment at high-z, utilizing the smooth
afterglow emission of gamma-ray bursts (GRBs), which are
more prevalent than quasars at z6, as luminous background
sources (e.g., Wang et al. 2012; Ma et al. 2017). Given that
GRBs may originate inside the same galaxies that also host the
dense clouds of neutral gas, effective impact parameters would
be small (e.g., Arabsalmani et al. 2015), thus allowing the GRB
afterglows to directly probe ISM conditions in high-z galaxies.
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