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ABSTRACT

We compare the extent of the dust, molecular gas and stars in three star-forming galaxies, atz = 1 :4; 1:6 and
2:7, selected from the Hubble Ultra Deep Field based on their bright CO and dust-continuum emission as well
as their large rest-frame optical sizes. The galaxies have high stellar masses,M � > 1011M � , and reside on, or
slightly below, the main sequence of star-forming galaxies at their respective redshifts. We probe the dust and
molecular gas using subarcsecond Atacama Large Millimeter/submillimeter Array observations of the 1.3 mm
continuum and CO line emission, respectively, and probe the stellar distribution usingHubble Space Telescope
observations at 1.6 µm. We �nd that for all three galaxies the CO emission appears& 30%more compact than
the stellar emission. For thez = 1 :4 and2:7 galaxies, the dust emission is also more compact, by& 50%, than
the stellar emission, whereas for thez = 1 :6 galaxy, the dust and stellar emission have similar spatial extents.
This similar spatial extent is consistent with observations of local disk galaxies. However, most high redshift
observations show more compact dust emission, likely due to the ubiquity of central starbursts at high redshift
and the limited sensitivity of many of these observations. Using the CO emission line, we also investigate the
kinematics of the cold interstellar medium in the galaxies, and �nd that all three have kinematics consistent with
a rotation-dominated disk.

Keywords:High-redshift galaxies, Interstellar medium, Dust continuum emission, Galaxy evolution, Molecular
gas

1. INTRODUCTION

The molecular gas phase of the interstellar medium (ISM)
is a crucial component of star-forming galaxies, hosting and

providing the fuel for star formation. Constraining the spa-
tial distribution of both stars and molecular gas is therefore
critical to understanding the evolutionary state of a galaxy.
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Whereas the stellar component of a galaxy is best traced via
the rest-frame near-infrared emission, molecular gas is most
commonly observed via carbon monoxide (CO) line emis-
sion or far-infared (FIR) dust-continuum emission. These
stellar and molecular gas tracers have been mapped at high
resolution (down to 100 pc scales) for local galaxies (e.g.
Leroy et al. 2008; Sandstrom et al. 2013; Schinnerer et al.
2019), providing fundamental insights into the physics of star
formation and the matter cycle of the ISM. However, such
detailed, multi-wavelength comparisons are still lacking for
galaxies at the peak epoch of stellar mass assembly, atz � 2.

The advent of sub/millimeter interferometers, particularly
the Atacama Large Millimeter/submillimeter Array (ALMA)
and NOrthern Extended Millimeter Array (NOEMA), have
led to a growing body of work aimed at characterising the
molecular gas properties ofz & 2 galaxies via their CO
and/or dust-continuum emission (e.g. surveys described in
Walter et al. 2016; Scoville et al. 2017; Tacconi et al. 2018;
Pavesi et al. 2018; Decarli et al. 2019; Stach et al. 2019).
Based on unresolved measurements, the long-wavelength
(observed-frame 850 µm), dust-continuum emission appears
to trace the bulk of the cold, molecular gas in massive, star-
forming galaxies as accurately as the traditional tracer, CO(1-
0) (Scoville et al. 2014; Kaasinen et al. 2019). However, re-
solved observations indicate that the dust-continuum emis-
sion stems from a signi�cantly more compact region than the
CO emission (e.g Simpson et al. 2015; Hodge et al. 2015;
Chen et al. 2017; Calistro Rivera et al. 2018; Gullberg et al.
2019), calling into question its application as a molecular gas
tracer.

To date, the sizes of the rest-frame optical, dust-continuum
and CO emitting regions have only been compared for the
brightest and most massive high-redshift (z > 1) sources.
For z � 2 � 4 submillimeter-selected galaxies (SMGs;
Blain et al. 2002), the measured dust-continuum emission ap-
pears2 � 4� more compact than the CO emission (Simpson
et al. 2015; Hodge et al. 2015; Chen et al. 2017; Calistro
Rivera et al. 2018). Similarly, for quasar host galaxies at
z & 6 (studied with lower resolution observations) the dust-
continuum sizes also appearz � 2 � 4 more compact than
those of the CO (Feruglio et al. 2018; Wang et al. 2019). The
dust-continuum and rest-frame optical (but not CO) sizes,
have also been compared in detail for SMGs (Hodge et al.
2016, 2019; Gullberg et al. 2019; Lang et al. 2019), six, mas-
sive and compact star-forming galaxies atz � 2:5 (Barro
et al. 2016), az � 1:25 starburst (Nelson et al. 2019) and
massive, H� -selected galaxies atz � 2:2 � 2:5 (Tadaki et al.
2017a). These studies all �nd that the dust emission is2� 4�
more compact than the rest-frame optical emission.

It is still unclear how the spatial extents of the stellar, dust-
continuum and CO emission compare for the wider pop-
ulation of star-forming galaxies, including the population

conforming to the so-called “main sequence” (MS) of star-
forming galaxies (the correlation between the stellar mass
and star formation rate of the majority of star-forming galax-
ies observed for each epoch up toz � 4, e.g. in Noeske
et al. 2007; Salmi et al. 2012; Whitaker et al. 2012, 2014;
Schreiber et al. 2016). In the �rst study of MS galax-
ies, Tadaki et al. (2017b) measure1:5 � 2� smaller dust-
continuum vs CO half-light radii. However, the two massive
(M � > 1011M � ) galaxies in their study were selected based
on their compact, dusty, star-forming cores. An additional
complication to the selection biases, is that most previous
observations of the dust-continuum emission of high redshift
sources have been conducted at infrared (IR) wavelengths, at
which the dust luminosity is highly sensitive to the ISM tem-
perature and thereby traces the star formation rate along with
the dust reservoir. Moreover, few studies exist with resolved
observations of both the CO and dust-continuum emission in
unlensed objects (e.g. Hodge et al. 2015; Chen et al. 2017;
Tadaki et al. 2017b; Calistro Rivera et al. 2018), of which
only a subset are at a comparable resolution (Hodge et al.
2015; Calistro Rivera et al. 2018).

In this work, we test how the spatial extent (quanti�ed by
the half-light radii) of dust continuum, CO and rest-frame
optical emission compare for three extended, MS galaxies
at z � 2. To this end, we selected sources in the Hub-
ble Ultra Deep Field (HUDF) for which the dust continuum
and CO emission have already been detected with ALMA as
part of the ALMA Spectroscopic Survey in the Hubble Ultra
Deep Field (ASPECS) Large Program (González-Ĺopez et al.
2019; Decarli et al. 2019; Aravena et al. 2019). To best com-
pare the spatial extents, we study the three sources with the
most extended morphologies in the ultraviolet (UV) to near
IR images taken with theHubble Space Telescope(HST). We
use observations taken as part of the ASPECS LP as well
as our “ALPS” (ASPECS Large Program Source) follow-up,
higher resolution ALMA observations. Thus, throughout this
paper we refer to our sources as ALPS.1, 2 and 3.

This paper is structured as follows. In Section 2 we de-
scribe the observations, data reduction and imaging of the CO
and dust-continuum emission. We discuss the global galaxy
properties inferred from the multi-wavelength data in Sec-
tion 3. In Section 4, we derive and compare the half-light
radii of the dust-continuum emission, CO and rest-frame op-
tical. We derive dynamical properties in Section 5 via kine-
matic modeling. We compare our sources to other samples
in Section 6 and summarise our main �ndings in Section 7.
Throughout this paper we assume a� CDM cosmology with
H0 = 70 km s� 1Mpc� 1, 
 M = 0 :3 and
 � = 0 :7. Stellar
masses and SFRs are based on a Chabrier (2003) IMF. When
quoting molecular gas masses we account for a factor of 1.36
to include He.




















































