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FUELLING THE OBSCURED STAR FORMATION AT HIGH REDSHIFT: SURVEYING THE
CO(1-0) AND HCN(1-0) EMISSION IN DUSTY GALAXIES

M. Rybak! 2, M. Frias Castillo? and J. A. Hodge?

Abstract. Dusty star-forming galaxies (DSFGs) play a major role in the rapid buildup of the cosmic
stellar mass within the first few Gyr after the Big Bang. However, despite concerted efforts, our
understanding of the relationship between the diffuse and dense gas reservoirs and star-formation
in DSFGs is still limited.

We showcase results of systematic JVLA surveys of the molecular and high-density gas in z > 2
DSFGs, targeting the CO(1-0) and HCN(1-0) emission, respectively. Our CO(1-0) observations
reveal a broad dispersion in gas masses and CO excitation, highlighting the heterogeneity of the
most massive, gas-rich DSFG. We find evidence for extended diffuse CO(1-0) halos. The inferred gas
fractions and depletion timescales are in a good agreement with the state-of-the-art semi-analytic
models. Our HCN(1-0) observations show that unlike present-day ULIRGs, DSFGs have relatively
low HCN/CO ratios; despite their massive gas reservoirs, only a small fraction of their molecular
gas is in the high-density regime.

1 Introduction

Dusty star-forming galaxies (DSFGs) with star-formation rates (SFRs) of 100’s to 1000’s Mg /yr are a
major driver of the cosmic star-forming activity at redshift z > 1 (Casey et al., 2014; Zavala et al., 2021),
contributing up to 50% of the total stellar mass and SFR at z &~ 2 (Swinbank et al., 2014). These massive,
dust-obscured galaxies are bright at sub-mm wavelengths while often invisible in the optical /near-infrared.
Despite their importance for our understanding of galaxy evolution, DSFGs have been notoriously difficult
to reproduce in cosmological simulations. Consequently, they provide important constraints on our models
of galaxy evolution and star formation in the early Universe.

What fuels the vigorous star formation in DSFGs? Are their immense SFRs driven by their massive gas
reservoirs, or is their star-forming efficiency enhanced by, e.g., galaxy-galaxy mergers? To understand how
the diffuse atomic gas from the intergalactic medium is converted into stars, we need robust measurements
of both the total molecular and dense gas content of sizeable samples of DSFGs.

Measuring total molecular gas masses of galaxies at high redshift is challenging. The bulk of studies of
molecular gas in DSFGs has focused on the bright and easily accessible mid-J CO rotational lines (Tacconi
et al., 2020). Yet the inferred gas masses suffer from significant uncertainties. This is because converting
the observed mid-J CO line luminosities into gas mass (Mpe) is a two-step process, as both the CO
excitation and the CO(1-0)-to-Mme1 conversion factor need to be assumed. Moreover, high-resolution studies
of individual sources have shown that mid-J CO lines are often much more compact than the CO(1-0)
emission. The mid-J CO observations might thus significantly underestimate both the total mass and
spatial extent of molecular gas reservoirs in DSFGs.

What do we know about the dense gas content of DSFGs? While the number of low-J CO and [CII]
detections at high redshift has been rising dramatically over the last decade (e.g., Hodge & da Cunha 2020),
these lines trace molecular gas down to densities of few 102 cm™3, rather than the dense, star-forming gas
(> 10* cm™3). In nearby galaxies, extensive studies have established the HCN emission — particularly the
HCN(1-0) line — as a “gold-standard” tracer of dense molecular gas (Gao & Solomon, 2004; Bigiel et al.,
2016; Jiménez-Donaire et al., 2019).

However, the number of high-z HCN detections has remained extremely limited. In fact, only two
DSFGs have been detected in the HCN(1-0) emission so far (Gao et al., 2007; Oteo et al., 2017), showing
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high HCN(1-0)/CO(1-0) ratios - a proxy for the dense gas fraction. Consequently, it has been hypothesised
(Oteo et al., 2017) that the intense star formation in DSFGs is a result of a significant fraction of their
molecular gas being in the high-density regime.

In this contribution, we present recent results of on-going systematic surveys of the CO(1-0) and HCN(1-
0) emission in high-redshift DSFGs. By measuring both the total molecular gas masses (via CO(1-0)) and
dense-gas content (via HCN(1-0)) in a representative samples of DSFGs, these observing programmes present
a major milestone in our understanding of the star-forming processes at high redshift.

2 VLA Legacy Library of Molecular Gas at High Redshift

We have conducted a systematic survey of the CO(1-0) emission in a sample of bright z = 2 — 5 non-lensed
DSFGs using deep JVLA observations. In total, we have targeted 30 galaxies with Sgs0 um >7.5 mJy, selected
from wide-field SCUBA-2 imaging (Geach et al., 2017). All targets have spectroscopic redshifts from ALMA
or NOEMA spectral scans (Birkin et al., 2021; Chen et al., 2022). By selecting the sources based on the
long-wavelength continuum, we are effectively selecting by cold dust mass. As of September 2022, 17 sources
have been observed (Frias Castillo, subm.). Out of these, eleven DSFGs have been detected in CO(1-0) with
S/N =3 — 20; three additional sources have been tentatively detected (S/N = 1.5 — 2).

Despite observing in the most compact, D-array JVLA configuration, we find that the CO(1-0) emission
in the majority of our sources extends over > 5" (=40 kpc) scales. We hypothesise that this emission arises
from extended, diffuse cold-gas reservoirs that link the central starbursts to the circumgalactic medium.
Such extended emission has been hinted at from other studies of cold gas at high redshift: for example,
recent ALMA observations have revealed extended, low-surface brightness [CII] halos (e.g., Gullberg et al.
2018; Rybak et al. 2019, 2020; Ginolfi et al. 2020).

To convert the observed CO(1-0) luminosities to gas masses, we adopt aco = Mpy, /L,co( 10) = 1.0.
This value is consistent with constraint from resolved kinematic observations of z = 2 — 3 DSFGs (Calistro
Rivera et al., 2018; Frias Castillo et al., 2022), although aco might vary considerably between individual
DSFGs (e.g., Harrington et al. 2021). Using this conversion, we find that gas represents 10 — 80% of the total
baryonic mass in individual DSFGs, with a median of ~240%. Despite their large gas masses and potentially
extended molecular gas reservoirs, the molecular gas depletion timescales are relatively short, between 80 to
400 Myr (median: 150 Myr).
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Figure 1: VLA survey of CO(1-0) in unlensed DSFGs - results from the first 17 targets. Left: Example CO(1-
0) spectra and moment-0 maps, showing clear detections. Right: CO(3-2)/CO(1-0) (blue) and CO(4-3)/CO(1-0)
(orange) luminosity ratios in our sample, showing the wide range of CO excitation. Several sources are clearly
super-thermalised, i.e. fall above the dashed line. Adapted from Frias Castillo et al. (subm.).

Figure 1 shows the CO excitation of our sample. Despite the similarity of galaxies in our sample, the
CO(3-2)/CO(1-0) and CO(4-3)/CO(1-0) ratios vary by almost 1 dex. Several sources - including three with
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Figure 2: Comparison between our CO(1-0) survey results and simulated z = 2 — 5 DSFGs from the SHARK
semi-analytical model. Left: 850-pum continuum flux density and molecular gas mass. Right: Mmo and SFR; our
galaxies are consistent with the depletion timescales predicted by SHARK. We find a reasonable agreement between
our observation and the simulation without a need to tune either the aco conversion factor or the semi-analytical
model. Adapted from Frias Castillo et al. (subm.).

CO(1-0) non-detections - have a super-thermalised CO ladder. We do not see any significant correlation
between CO excitation and SFR, total gas mass, or the offset from the main sequence; the only tentative
trend is with SFR surface density (Xgpr). The large scatter in CO excitation highlights the pitfalls of
estimating the molecular gas mass from mid-J CO emission lines.

Finally, we compare our observational results to the z = 2 — 5 DSFGs from the SHARK semi-analytic
models (Lagos et al., 2018, 2020). The SHARK models have been able to reproduce many key aspects of
the high-z DSFG population, including number counts and redshift distribution. For a comparison with our
sample, we select SHARK galaxies at z = 2 to 5, with the 850-um flux density higher than 10 mJy. As shown
in Fig. 2, we find a surprisingly good agreement between the properties of our targets and SHARK DSFGs;
the two samples are broadly consistent in terms of SFR, M,, and My . In particular, we find that the
bulk of our sample has molecular gas depletion timescales of tqep = 100 Myr, similar to the SHARK sample.
Curiously, this agreement is facilitated by our choice of aco = 1.0; adopting a Milky-Way-like aco = 4.4
would lead to a significant discrepancy between the “real” and SHARK DSFGs.

3 PRUSSIC - a comprehensive survey of dense gas tracers in DSFGs

To provide a comprehensive overview of dense gas content in high-redshift DSFGs, we have launched PRUS-
SIC - a concerted JVLA, ALMA, and NOEMA survey. Our JVLA observations targeted the HCN(1-0)
emission at high redshift, targeting six z ~ 3 gravitationally lensed DSFGs (Rybak et al., 2022) - the largest
and deepest survey of HCN(1-0) at high redshift to date. The depth of the observations would allow S/N >3
HCN(1-0) detections down to HCN/CO ratios - i.e, dense-gas fractions - of a few per cent. Such deep obser-
vations can be only obtained for strongly lensed galaxies, as the HCN(1-0) line is often 1-2 dex fainter than
low-J CO emission. Surprisingly, out of the six targets, only a single DSFG was detected in HCN(1-0) (at
~4.40), with another tentatively detected in the HCO™ (1-0) emission. Even after stacking the data in the
spectral domain, we do not detect any significant HCN(1-0) emission - implying a mean HCN(1-0)/CO(1-0)
ratio of <0.045.

The surprisingly low HCN/CO ratios contrast with previous claims of high HCN/CO ratios in DSFGs.
To understand this dichotomy, we re-examined the two previous detections from Gao et al. (2007) and Oteo
et al. (2017) with high claimed HCN/CO ratios: J16359 (HCN/CO~0.15) and SDP.9 (HCN/CO~0.3). For
J16359, the updated CO(1-0) measurements bring the HCN/CO ratio down to ~0.1, bringing it more in
line with our results. SDP.9 has a very compact continuum morphology (<300 pc diameter) and an X-ray
luminous AGN (Massardi et al., 2018). Consequently, the HCN luminosity in SDP.9 might be boosted by
the central AGN.

In addition, we see tentative evidence for DSFGs having lower HCN/FIR ratios than expected from z ~ 0
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Figure 3: Left: HCN-FIR luminosity correlation on z ~ 0 and high-redshift galaxies. The individual DSGGs from
Rybak et al. (2022) are highlighted in blue; the upper limit from the stacked spectrum is shown in orange. Left: Dense-
gas fractions (i.e., HCN/CO) in high-z DSFGs, compared to z ~ 0 studies. The Rybak et al. (2022) observations
imply that DSFGs have dense-gas fractions similar to z ~ 0 spiral galaxies, rather than ULIRGs. Adapted from
Rybak et al. (2022).

empirical trends. Namely, while the single detection is consistent with the trend from Jiménez-Donaire et al.
(2019), some of the upper limits and the stack spectrum fall below the +1o region (Fig. 3). This indicates
that DSFGs have elevated dense-gas star-forming efficiency. In other words, while they might have relatively
lower amounts of dense gas, they convert it to stars more efficiently than, e.g., nearby ULIRGs!.
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Figure 4: ALMA imaging of SDP.81. Left to right: Band 3 (3-mm) continuum, HCN(4 3), and HCO™ (4 3)
emission. The contours in HCN/HCO™ images start at 20 and increase by 1lo. While the HCN(4-3) line is below the
detection threshold, HCO™(4-3) is both detected and spatially resolved. SDP.81 has an unusually high HCO"/HCN
ratio of > 6.5, potentially due to a sub-solar metallicity.

We are supplementing these JVLA observations by ALMA and NOEMA programmes targeting the mid-.J
HCN, HCO™, and HNC lines. The mid-J lines are often intrinsically brighter than the Jup = 1 transitions
and fall into the easily-accessible 3-mm atmospheric window, making them potentially appealing tracers
of dense-gas content and chemistry in DSFG. While mid-J HCN/HCO™ /HNC lines have been detected
in a handful of DSFGs (Danielson et al., 2011; Béthermin et al., 2018; Cahameras et al., 2021), we are
dramatically expanding the number of detections, with eight DSFGs detected in the HCN(3-2) and (4-3)
transitions so far (Rybak et al., in prep.). As an example, Fig. 4 shows high-resolution ALMA Band 3
imaging of SDP.81, a well-studied, strongly lensed z ~ 3 DSFG. While the HCN(4-3) line is not detected,
HCO™(4-3) is both detected and resolved. We find that SDP.81 has an unusually high HCO*/HCN ratio
of > 6.5 (3¢ limit), comparable to nearby low-metallicity environments such as 30 Doradus.

1Here, we assume the “standard” conversion factor between the HCN luminosity and dense gas mass: Myense=10Mg/Le X
Lycn. This conversion factor remains poorly constrained, both at low and high redshift.
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