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“Environmental effects on star-forming and gas in/out-flow processes at z∼2” by Kodama+

1. Background: It is known that the star formation and AGN activities are peaked at 1 < z < 3 called as the “cosmic
noon” [1]. It is also known that galaxy properties (such as morphology and star formation activity) strongly depend
on the surrounding environments at the present day [2]. Since the galaxies in densest structures at the cosmic noon are
destined to evolve into early-type galaxies in rich clusters today, the proto-clusters provide us with the unique laboratories
to directly investigate the formation mechanisms of early-type galaxies. We want to understand how the galaxy forming
in high density regions at high-z are intrinsically biased, how they are externally affected by surrounding environments,
and what physical processes are responsible for these phenomena. In the cosmic noon era, galaxy formation is thought to
be largely driven by cold gas inflows from the surrounding structures [3], and the star formation is regulated by such gas
feeding as well as outflows (feedback) due to supernova explosions and/or AGN activities [4]. On top of these, in high
density regions, there are more complexities introduced by the environmentally-driven physical processes, such as galaxy
mergers/interactions and gas stripping. It is reasonable to consider that the gas inflow and outflow processes depend on
the environment, as the gas comes in and goes out from/to surrounding regions (Fig. 1). The mass of the haloes and the
geometry of the surrounding structures (shock heated common halos vs. multiple filaments) determine the mode of gas
accretion (hot vs. cold) [3]. Moreover the outside pressure of intra-cluster medium would push back the outflowing gas,
while the gas can be more easily expelled from the galaxies in isolation. All those processes can affect gas fractions and
star forming activities of galaxies at different environments. However, such feeding and feedback processes, especially in
high redshift galaxies, are poorly known and remaining as the largest mysteries in the modern extragalactic astronomy.
Direct observations of gas kinematics within galaxies have been put serious efforts, but are extremely difficult due to their
faintness and the lack of spatial resolutions, and almost impossible to be conducted in a systematic way. In particular,
environmental dependence of such processes have been largely unexplored yet.

Figure 1: Schematic views of our working hypotheses [5]

To tackle this problem, we take a unique indirect ap-
proach, that is the chemical evolution of galaxies, since
the gaseous metallicity depends not only on the star
formation histories in galaxies but also on the gas in-
flow/outflow processes. The supply of pristine gas from
the outskirts of galaxies can dilute the metallicity, while
the internal galactic wind or external ram-pressure can
selectively remove the metal rich/poor gas from the
systems, respectively (Fig. 1). We have shown from
the “stacking” analysis with our MOIRCS spectroscopy
that the gaseous metallicities of proto-cluster galaxies
at the fixed stellar mass tend to be higher than those
of field galaxies at z ∼ 2 [5]. We interpreted this as a
result of relatively lower inflow rate, higher gas recy-
cling rate (lower net outflow rate), or selective removal
of metal poor gas from the outer region due to interac-
tion [5]. So there are still many possibilities which are
degenerate if only gaseous metallicities are available.
Moreover, the inflow/outflow processes are stochastic and the stacking analysis would average over different phases of
the time-scale events and smear out any transient phenomena. To go a step further, one of the critical quantities to
measure is the (molecular) gas fraction, as it provides us with not only the direct info of the amount of gas (dependent on
in/outflow), but also the indirect info of the relationship between metallicity and gas fraction. Such a combined analysis
can break some of the degeneracies and we can put much stronger constraints on the in/outflow parameters (Fig. 3).
Some previous studies in the literature have applied this technique for galaxies in the general field [e.g. 6,7], but they
are either based on ”stacking” analyses or on a very small sample of individual measurements but with large assumptions
such as the proportionality between inflow rate and star formation rate which is not trivial at all. Also there is no such
study specific to the galaxies in high density environments. Moreover, gas masses are often estimated from SFRs using
the Kennicutt-Schmidt law, effectively assuming a constant star formation efficiency (SFE). This inevitably introduces a
large uncertainty due to actually variable SFEs (i.e. mode of star formation) and thus possibly on environment as well.

2. This proposal: Given all the above mentioned difficulties, we now propose to conduct the first detailed, combined
analysis of molecular gas fraction directly measured from ALMA and JCMT observations and the gaseous metallicity
measured with deep NIR spectroscopy with Keck/MOSFIRE for individual galaxies, and in high density environments.

We will use our samples of narrow-band selected star-forming galaxies in the following three proto-clusters at 1.5 <∼
z <∼ 2.5 (Fig. 2), constructed from our systematic narrow-band imaging survey (Mahalo-Subaru; [8]). One is the X-ray
detected cluster XCS2215 at z=1.47 where we conducted a deep [Oii] line emitter survey with Suprime-Cam [9], and 44
[Oii] emitters are identified in the central 6′ field (comparable to the MOSFIRE’s FoV). The other two targets are proto-
clusters around the radio galaxies: 4C23.56 at z=2.48 and USS1558 at z=2.53, where we conducted deep Hα line emitter
surveys with MOIRCS [10,11], and 25 and 68 Hα emitters are identified in the 4′×7′ field of view. We have unveiled very
high star formation activities even in their dense cores, suggesting that the progenitors of present-day early-type galaxies
are just forming. Moreover, in the densest cores of USS1558, we have seen the enhanced star forming activities in Hα
(elevated from the star forming main sequence) [19].This new intriguing result must be confirmed with the most precise
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