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Abstract.  The goal of this chapter is to study physical conditions of the interstel-
lar medium (ISM) in distant galaxies. In particular, its densest component is associ-
ated with the inner cores of clouds — this is where star formation takes place. Carbon
monoxide is usually used to trace molecular gas emission; however, its transitions are
practically opaque, thus preventing astronomers from piercing through the clouds, into
the deepest layers that are most intimately connected with the formation of stars. Other
dense gas tracers are required, although they are typically too faint to be effectively ob-
served in high redshift main sequence galaxies. The ngVLA will offer for the first time
the sensitivity at radio frequencies that is needed to detect [C1],_¢ at z > 5, as well as the
ground transitions of dense gas tracers of the ISM such as HCN, HNC, HCO* at z > 1,
beyond the tip of the iceberg of the hyper-luminous sources that can be studied now.
These new tools will critically contribute to our understanding of the intimate interplay
between gas clouds and star formation in different environments and cosmic epochs.
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1. Scientific Rationale

While undoubtedly the carbon monoxide (CO) rotational emission lines are extremely
useful to gauge the molecular gas mass in distant galaxies, they have a limited power
in exposing the diversity of properties and the complexity of the multi-phased ISM.
For instance, both observational and theoretical studies revealed substantial amount
of diffuse molecular gas that is not associated with CO emission (e.g., Langer et al.
2014; Glover & Smith 2016). On the other hand, CO transitions reach optical depth
values close to unity even at very modest column densities, i.e., CO-emitting regions
appear opaque. Furthermore, the critical density required to collisionally de-excite CO
is relatively low (npp ~ 102 = 10% cm™3 for the lower-J transitions), meaning that CO
is a fairly poor tracer of the dense molecular cores, where star-formation within distant
galaxies is ultimately taking place.

The neutral carbon fine structure lines [C1] at 609 and 370 um arise in the external
parts of molecular clouds, where the radiation field is too intense for CO molecules
to survive, but at not enough to ionize the carbon atoms (optical extinction Ay = 1 —
5 mag). The 370 um transition has been detected even at z ~ 7 (Venemans et al.
2017). The two neutral carbon fine structure lines are ideal tracers of the more diffuse
molecular ISM (see, e.g., Glover et al. 2015). In particular, because of the different
critical densities, their ratio is an excellent tracer of the gas density. Furthermore, in
combination with other lines (such as CO or [Cu]) they can be used to infer physical
properties of the ISM such as the gas density and the intensity of the incident radiation
field (see, e.g., Meijerink et al. 2008; Popping et al. 2018). [Ci1] is also considered
a complementary tracer of the cold gas mass, which can be used to infer either an
independent measurement of the CO—to—H; conversion factor, a@co, or to measure the
neutral carbon abundance, Xy (see, e.g., Bothwell et al. 2017; Popping et al. 2017).

To date, only about 40 galaxies at z > 1 have been detected in [C1]. This list
mostly consists of sub-mm galaxies and quasar host galaxies. E.g., Bothwell et al.
(2017) use [C1] 609 um observations, in combination with other ISM lines, to infer
molecular gas mass, density and intensity of the radiation field in 13 dusty, star—forming
galaxies at 2 < z < 5 using ALMA. They find a higher density and stronger UV field
for the star—forming medium in these galaxies than estimated by previous studies of
similar sources. At higher redshifts, however, the [C1];_¢ transition is shifted outside the
ALMA bands at z > 4.8. This ground transition is a better mass tracer than the [Ci],_;
transition (observable with ALMA at these high redshifts), which is also sensitive to
the excitation temperature. Furthermore, only the detection of both these lines provides
a direct measure of the neutral gas density. The detection of the [Ci]|_g line at higher
redshift thus requires sensitive observations in the frequency ranges that will be covered
by the ngVLA.

In addition to neutral carbon, other molecular gas tracers can provide us with pre-
cious complementary information than CO. E.g., high dipole moment molecules like
hydrogen cyanide (HCN) are only collisionally de-excited at very high densities, mak-
ing them much more reliable tracers of the very dense gas directly associated with the
formation of individual stars. Some studies of HCN in the nearby universe have even
found evidence that the ratio of HCN luminosity to far-infrared (FIR) luminosity re-
mains constant over >8 orders of magnitude in HCN luminosity, suggesting that HCN
may be a fundamental direct probe of star forming ‘units’, and that the only difference
between star formation on different scales and in different environments is the number
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Figure 1.  Redshifted frequencies of dense gas tracers, many of which will be ac-
cessible in single-tuning setups with the ngVLA at high-redshift. In particular, the
1-0 and 2-1 transitions of HNC, HCO+, HCN and SiO lines are spaced very closely
in frequency (see inset zoom-in). While ALMA can detect the mid- and high-J tran-
sitions of these molecules at high-redshift, significant uncertainties regarding excita-
tion mean that the low-J transitions accessible with the ngVLA are more suitable as
tracers of the total dense gas mass.

of these fundamental star-forming units (e.g., Gao & Solomon 2004; Wu et al. 2005,
2010; Zhang et al. 2014).

However, not much is known about dense gas tracers in the more distant universe.
Owing to the fact that they only trace the densest regions of the ISM and are therefore
less abundant, emission from the rotational transitions of molecules like HCN is usually
an order of magnitude fainter than CO, complicating efforts to detect and study these
tracers at high-z. As a result, only a few high-z galaxies have been detected in dense
gas tracers to-date — most of which are either intrinsically extremely luminous, or
strongly lensed (e.g., Solomon et al. 2003; Vanden Bout et al. 2004; Carilli et al. 2005;
Gao et al. 2007; Riechers et al. 2007, 2011; Danielson et al. 2011). With ALMA now
online, the situation will clearly improve dramatically in the near future. However, as
with CO, ALMA will only be able to detect the mid- and high-J transitions of dense
gas tracers like HCN, HNC, and HCO+. These higher-level transitions are less directly
tied to the total dense gas mass, requiring assumptions about the (highly uncertain)
excitation ratios. In addition, these higher-J transitions are more likely to be affected
by IR pumping, which local studies find may be common in ultraluminous galaxies
(e.g., Aalto et al. 2007). Thus, while necessary to understand the overall excitation
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Figure 2.  The intensity (in units of temperature) of the ground transitions of CO,
C80, C70, HCN, HCO™*, CS, and H*CNH!*CO* in various clouds (labeled 1—
10) in the local starburst galaxy NGC 253, normalized to the observed HCN(1-0)
flux. CO is at least 10 x brighter than other dense gas tracers — in order to detect
these other lines at high redshift, the unprecedented sensitivity of ngVLA at radio
frequencies will be instrumental. Figure adapted from Leroy et al. (2015).

properties of high-z sources, the ALMA-detectable transitions may be unsuitable as
tracers of the total dense gas mass.

The current Jansky VLA probes the right frequency range to detect the crucial low-
J transitions of these high critical density molecules (Figure 1). However, its limited
sensitivity means that the current state-of-the-art for high-z detections consists of a
smattering of strongly lensed hyper-starbursting quasar hosts (e.g., Vanden Bout et al.
2004; Riechers et al. 2007, 2011). With significantly increased sensitivity, the ngVLA
would extend studies of the dense gas mass at high-z beyond this handful of extreme
objects for the first time. In addition to tracing the dense gas mass at high-z, such studies
are critical for constraining models of star formation based on the gas density PDF, as
these models make testable predictions about the FIR-HCN relation in FIR-luminous
objects (e.g., Krumholz & Thompson 2007; Narayanan et al. 2008). Finally, while
angular resolution is not a priority for these photon-starved studies, the brightest objects
could even be spatially resolved by a ngVLA on ~kpc scales (requiring baselines on the
order of the current VLA). The ngVLA would thus enable detailed studies of the dense
gas at high-redshift such as are currently only possible in the local universe.
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1.1. Measurements Required

This science goal requires integrated flux measurements of faint lines in high redshift
galaxies. The sensitivity and the coverage in the radio bands are prime technical re-
quirements for these observations. The targeted lines will be >10 X fainter than CO (in
temperature units). A galaxy with stellar mass M, ~ 10'' M on the massive main se-
quence of star—forming galaxies at z ~ 2 has SFR ~ 100 My yr~! (Santini et al. 2017).
This corresponds to an IR luminosity Lig ~ 5x 10'! L,. Assuming the CO-to—IR lumi-
nosity empirical relation from Carilli & Walter (2013), we infer an expected CO(1-0)
luminosity of 7.0x 10° Kkm s~! pc?, or 345,000 L. For a CO(1-0)/HCN(1-0)~10 (see
Figure 2), we infer an expected flux density for the HCN(1-0) transition of 7 uJy (as-
suming a line width of 300 kms~!). Such a line can be detected at 3¢ significance with
26 hr of integration, assuming that the ngVLA will have at least 5 X the collecting area
of the current VLA. No existing instrument has the sensitivity at radio frequencies to
perform the proposed observations.

Imagining requirements are limited at ~ 1 — 3’ resolution, in order to avoid confu-
sion with other sources in the field, and at the same time limit the risk of out-resolving
the faint emission. A large bandwidth would allow to simultaneously cover multiple
ISM tracers (see Figure 1) in one shot, i.e., it would be ideal although it is not a strict
requirement.

1.2. Longevity/Durability: with Respect to Existing and Planned (>2025) Facili-
ties

There are obvious synergies with other key observatories to envision in the context of
the characterization of the ISM in high-z galaxies. In particular, ALMA can provide
coverage of the intermediate and high-J transitions of the dense gas tracers, as well as
of the [Ci],- line, whereas ngVLA will focus on the lower-J lines and on the [Ci];_g
transition (see Figure 1). The combinations of CO transitions ranging from low to high
J, together with the denser gas tracers targeted with ngVLA + ALMA, will enable
an unprecedentedly detailed study of the properties of the densest parts of the ISM,
which are not currently accessible. This will enable a direct link between the gas prop-
erties and the on-going star formation, given that the dense gas tracers are intimately
connected with birthplace of stars. JWST and the 30 m class telescope will provide sen-
sitive spectroscopy of rest-frame UV/optical/NIR ISM tracers, mostly associated with
the ionized phase of the gas, thus paving the way for a coherent description of the gas
cycle in galaxies throughout cosmic history.
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