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Abstract

We study the molecular gas content of 24 star-forming galaxies atz= 3–4, with a median stellar mass of 109.1Me ,
from the MUSE Hubble Ultra Deep Field(HUDF) Survey. Selected by their Ly� � 1216 emission and
HF160W-band magnitude, the galaxies show an average�˜ � § � x�BEW 20Ly

0 Å, below the typical selection threshold for
Ly� emitters( ���BEW 25Ly

0 Å), and a rest-frame UV spectrum similar to Lyman-break galaxies. We use rest-frame
optical spectroscopy from KMOS and MOSFIRE, and the UV features observed with MUSE, to determine the
systemic redshifts, which are offset from Ly� by � � v(Ly� )� = 346 km s� 1, with a 100 to 600 km s� 1 range.
Stacking12COJ= 4 � 3 and[C I]3P1 � 3P0 (and higher-J CO lines) from the ALMA Spectroscopic Survey of the
HUDF, we determine 3� upper limits on the line luminosities of 4.0× 108 K km s� 1pc2 and 5.6×
108 K km s� 1pc2, respectively(for a 300 km s� 1 line width). Stacking the 1.2 mm and 3 mm dust-continuum
� ux densities, we� nd a 3� upper limits of 9� Jy and 1.2� Jy, respectively. The inferred gas fractions, under the
assumption of a“Galactic” CO-to-H2 conversion factor and gas-to-dust ratio, are in tension with previously
determined scaling relations. This implies a substantially higher� CO � 10 and� GDR� 1200, consistent with the
subsolar metallicity estimated for these galaxies( � � � x � o12 log O H 7.8 0.2( ) ). The low metallicity ofz� 3 star-
forming galaxies may thus make it very challenging to unveil their cold gas through CO or dust emission,
warranting further exploration of alternative tracers, such as[C II].

Uni� ed Astronomy Thesaurus concepts:Molecular gas(1073); High-redshift galaxies(734); Interstellar medium
(847); CO line emission(262); Dust continuum emission(412); Spectroscopy(1558)

1. Introduction

The recent decade has witnessed a tremendous advance in
the characterization of the cold molecular gas content of star-
forming galaxies atz> 1. Evidence is now mounting that the
cold gas fraction of massive star-forming galaxies strongly
increases up to at leastz� 3 (e.g., Genzel et al.2010, 2015;
Tacconi et al.2010, 2013, 2018; Geach et al.2011; Dessauges-
Zavadsky et al.2015, 2020; Aravena et al.2019, 2020; Tacconi
et al. 2020). As the cold H2 gas itself is radiatively dark, the
molecular gas has to be traced by the emission from the ground-
state rotational transition of carbon monoxide(12CO, hereafter CO),
or other tracers such as the emission from neutral atomic carbon
([C I]) or the long-wavelength dust continuum. Yet, observations
of CO in (optically selected) star-forming galaxies atz> 3 remain
challenging and have been limited to massive Lyman-break- or
main-sequence-selected galaxies and/ or strongly lensed systems,
with known redshifts(Baker et al.2004; Coppin et al.2007;
Riechers et al.2010; Livermore et al.2012; Magdis et al.
2012, 2017; Tan et al. 2013; Saintonge et al. 2013;

Dessauges-Zavadsky et al.2015, 2017; Pavesi et al.2019; Cassata
et al.2020), sometimes serendipitouslydetected and only identi� ed
as such a posteriori(Gowardhan et al.2019).

The Atacama Large Millimeter Array Large Program
ASPECS(The ALMA Spectroscopic Survey in the Hubble
Ultra Deep Field(HUDF); Walter et al.2016; Decarli et al.
2019) provides a unique opportunity to study the gas content of
star-forming galaxies atz� 3. ASPECS consists of spectral
scans in ALMA Bands 3(85–115 GHz) and 6(212–272 GHz),
probing molecular gas and dust in galaxies without any target
preselection. These data unveil emission from CO,[C I], and
dust continuum in several star-forming galaxies atz= 1–4
(Boogaard et al.2019, 2020; González-López et al.2019,
2020), providing key constraints on the empirical scaling
relations describing the evolution of the gas and dust content in
galaxies(Aravena et al.2019, 2020), the evolution of the
cosmic molecular gas density(Decarli et al.2019, 2020), and
the baryon cycle(Walter et al.2020).

Key to the exploration of the ASPECS data are the large
number of spectroscopic redshifts provided by the Multi Unit
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