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1 Tracing Gas Physics in Galaxy Evolution

1.1 Gas in galaxies

In present-day galaxies, most of their baryons are in a form of stars, like in the Milky
Way. The fraction of the interstellar medium (ISM) is from ∼ a few % for giant early-
type galaxies to at most ∼ 50 % for unevolved gaseous dwarfs(e.g. Roberts & Haynes,
1994). However, of course these galaxies have formed from a ubiquitous almost primordial
gas after the recombination of the Universe, and they must have been very gaseous in
their early phase of the evolution. One of the fundamental processes in galaxy formation
and evolution is therefore the transition from gas to stars. This gaseous side of galaxy
evolution was, despite of its importance, not focused for a long time mainly because of
the observational limitation.

1.2 From atoms to molecules

More precisely, the process of star formation proceeds as

neutral atomic gas ⇒ molecular gas ⇒ stars.

Thus the phase transition from atomic to molecular gas plays a first role in star formation.
This process is of fundamental importance and has been extensively studied from 60’s,
but since it is so complicated it is still not yet fully understood theoretically (e.g., Galli &
Palla, 2013, for a review). As widely known, the gas phase reaction to form H2 from Hi
is extremely inefficient, and actually in the early Universe the reaction through H− was
the viable way (e.g. Galli & Palla, 2013, and references therein). Then, the first supply
of heavy elements in the Universe immediately followed by dust formation drastically
changed the condition of molecular formation. After the death of first stars (Population
III.1), metals have been injected to the surrounding (mostly neutral) diffuse gas. Metals
usually exist in a form of dust grains, and the surface of dust plays a crucial role as a
catalyst of molecule formation (e.g. Gould & Salpeter, 1963). The molecule formation on
dust grains is much more efficient than in gas phase, and this leads to the first burst of
star formation in galaxies (e.g. Hirashita & Ferrara, 2002). Molecular formation is, thus,
tightly connected to the dust formation and evolution.
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The formation, evolution, and destruction of dust grains are yet another fundamental
topic in galaxy evolution. Dust is supplied by stellar sources like Type II supernovae
(SNe) and asymptotic giant branch (AGB) stars. The grains drifting in the ISM capture
metal atoms on their surface and grow (grain growth). This is more efficient in the
dense ISM region as molecular clouds. Grains also interact each other through collisions,
leading to two important processes, shattering and coagulation. Shattering occurs when
grains collide and partially destroy themselves to form smaller fragments. Coagulation,
in contrary, occurs when grains collide and merge to form larger ones. Finally, SNe inject
blast waves in the ISM and destroy dust grains completely via sputtering. Since this is
a complicated entangle process, the coherent framework based on the chemical evolution
in galaxies has been established only recently (Asano et al., 2013a,b), though it has been
studied from the period as early as the establishment of the chemical evolution theory
itself (Tinsley, 1980).

1.3 Toward a unified picture of the ISM evolution in galaxies

Now, the next step is to construct a unified picture of the atomic-to-molecular transition
in the ISM consistent with dust evolution, along with the chemical evolution in a galaxy.
This may be also related to the ubiquitous scaling relation between gas density and star
formation rate (SFR) in galaxies, known as the Kennicutt–Schmidt law (e.g., Schmidt,
1959; Kennicutt & Evans, 2012). This would be a challenge in theoretical side, of course,
but at the same time, we are in the epoch of a huge observational advantage after the
advent of ALMA.

Now ALMA observations of molecular lines and dust continuum in various galaxies are
enormously changing our view of galaxy evolution. In order to establish a new framework
including atomic and molecular gas, and dust with star formation in galaxies as a function
of redshift, first of all CO and dust continuum observations are mandatories. As for the
atomic gas, currently researchers depend on the empirical relation between dust continuum
and total gas mass (e.g. Scoville et al., 2015). This can be replaced by a more physically-
based prediction given by Asano et al. (2013a). More observationally, the forthcoming
Square Kilometre Array (SKA) will provide us with enormous data with unprecedented
precision of the neutral Universe (SKA consortium, 2015). The wide area and field-of-
view, and rapid survey speed of SKA will bring a revolution in the neutral gas stuides in
galaxies at various redshifts. By this combination, we can push forward the ISM physics
to distant extragalactic studies. We will be able to study the evolution of the Kennicutt–
Schmidt law with cosmic time, and even to a moderate redshift, with spatially resolved
manner. Here what we need is good statistics.

However, since ALMA is not an ideal facility for large surveys. As a complement, we
need a single-dish sub/millimeter facility with a large antenna diameter. The LST will
perfectly play this role. Up to z ∼ 2, we simultaneously obtain the information on the
atomic gas, molecular gas, and dust as well as SFR of these galaxies (perhaps with other
auxiliary data). Equipped with the theoretical framework, we will reveal the efficiency of
molecular formation on dust grains, and how this would give a positive feedback to the
SFR. This is a “galaxy evolution complementation program”.
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