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ABSTRACT

We combine high-resolution ALMA and HST/CANDELS observations of 20 submillimeter galaxies
(SMGs) predominantly from the AS2UDS survey at z ~ 2 with bright rest-frame optical counterparts
(Ks < 22.9) to investigate the resolved structural properties of their dust and stellar components.
We derive two-dimensional stellar-mass distributions that are inferred from spatial mass-to-light ratio
(M/L*) corrections based on rest-frame optical colors. Due to the high central column densities of dust
in our SMGs, our mass distributions likely represent a lower limit to the true central mass density. The
centroid positions between the inferred stellar-mass and the dust distributions agree within 1.1kpc,
indicating an overall good spatial agreement between the two components. The majority of our
sources exhibit compact dust configurations relative to the stellar component (with a median ratio
of effective radii Re dqust/Re,« = 0.6). This ratio does not change with specific star-formation rate
(sSFR) over the factor of 30 spanned by our targets, sampling the locus of ‘normal’ main sequence
galaxies up to the starburst regime, log (sSFR/sSFRyis) > 0.5. Our results imply that massive SMGs
are experiencing centrally enhanced star formation unlike typical spiral galaxies in the local Universe.
The sizes and stellar densities of our SMGs are in agreement with those of the passive population at
z = 1.5, consistent with these systems being the descendants of z ~ 2 SMGs.
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1. INTRODUCTION

Numerical simulations suggest that the majority of
actively star-forming galaxies during the peak epoch
of galaxy formation grew through smooth accretion
of cold gas triggering internal star formation pro-
cesses (Keres et al. 2005; Bournaud & Elmegreen 2009;
Dekel et al. 2009), without the need for major inter-
actions. This basic picture has been inferred from
a relatively tight relation between the star-formation
rate and the assembled stellar mass, the ‘main se-
quence’ of star-forming galaxies, (Noeske et al. 2007;
Daddi et al. 2007; Elbaz et al. 2007; Sargent et al. 2014;
Salmon et al. 2015; Speagle et al. 2014) which is claimed
to exist out to redshifts around 6. Moreover, system-
atic studies of the ISM content, ionized gas kinemat-
ics and morphologies of star-forming galaxies at z =
1-3 have revealed that a high fraction of these sys-
tems are large, gas-rich (e.g., Tacconi et al. 2010, 2013;
Daddi et al. 2010; Swinbank et al. 2012; Bothwell et al.
2013; Genzel et al. 2015; Schinnerer et al. 2016) rotat-
ing disks (e.g., Forster Schreiber et al. 2009; Law et al.
2009; Wisnioski et al. 2015; Swinbank et al. 2015, 2017)
with exponential light and mass profiles (Wuyts et al.
2011; Bell et al. 2012; Lang et al. 2014).  Bulge-to-
disk decompositions have shown that high-redshift
star-forming galaxies at the highest stellar masses
(log (M./Mg) > 11) exhibit significant stellar bulges,
suggesting an evolutionary connection to today’s massive
quiescent ellipticals (e.g., Lang et al. 2014; Bruce et al.
2014; Tacchella et al. 2015a,b).

At the highest star-formation rates, there is currently
no observational or theoretical consensus on the trig-
gering mechanism for star formation. The most lumi-
nous class of such systems are submillimeter galaxies
(SMGs, Blain et al. 2002; Casey et al. 2014, and ref-
erences therein), which are mm/submm bright sources
first detected in ground-based submm surveys. They are
a class of strongly dust-obscured galaxies and are asso-
ciated with large infrared luminosities (Lig > 1012 Lo
implying extreme star-formation rates up to several
1000 Mg yr—1), and are predominantly found at z ~ 1—3,
with a substantial tail to z ~ 6 in their redshift dis-
tribution (e.g., Smail et al. 1997; Chapman et al. 2005;
Wardlow et al. 2011; Smolécié¢ et al. 2012; Weif3 et al.
2013; Simpson et al. 2014). SMGs appear to be
gas-rich systems with short depletion time scales
of about 100 Myr (e.g., Frayer et al. 1998, 1999;
Greve et al. 2005; Tacconi et al. 2008; Bothwell et al.
2013; Miettinen et al. 2017). Since SMGs contribute 10-
30% of the total star-formation rate at z = 1-4 (e.g.,
Barger et al. 2012; Swinbank et al. 2014), it is crucial

to understand their connection to the rest of the star-
forming galaxy population. Furthermore, the observed
properties of the SMG population such as clustering, stel-
lar masses, star-formation rates, gas masses and implied
burst times are indicative of SMGs being progenitors
of local early-type galaxies (ETGs) (e.g., Hickox et al.
2012; Simpson et al. 2014; Bothwell et al. 2013).

In the most basic picture, the infrared luminosi-
ties of SMGs suggest they are the high-redshift
analoges of ultra-luminous infrared galaxies (ULIRGs;
Lir > 102Lg) observed in the local Universe
(Sanders & Mirabel 1996; Lonsdale et al. 2006, for a re-
view). Local ULIRGs are typically triggered through
major galaxy mergers (e.g., Sanders et al. 1988), and
some galaxy evolution models propose a similar origin for
SMGs (e.g., Narayanan et al. 2010). Alternative mod-
els suggest that SMGs are massive, isolated disk galax-
ies with strong secular bursts of star formation (e.g.,
Davé et al. 2010). Finally, SMGs might be comprised of
a heterogeneous population of both merger-induced sys-
tems and secularly evolving disk galaxies (Hayward et al.
2011, 2013).

One key element to distinguish between the proposed
evolutionary scenarios, is to investigate the spatial dis-
tribution of their ongoing star formation and existing
stellar components. Tracing the rest-frame far-infrared
continuum emission (i.e., corresponding to observed sub-
millimeter wavelengths) with instruments such as the At-
acama Large Millimeter/submillimeter Array (ALMA),
has enabled systematic studies of the resolved distri-
bution of star formation in significant samples of high-
redshift SMGs.

These studies conclude that obscured star forma-
tion is confined to compact, central components with
half-light radii of 1-2kpc (e.g., Swinbank et al. 2010a;
Ikarashi et al. 2015; Simpson et al. 2015b; Hodge et al.
2016; Oteo et al. 2017; Gullberg et al. 2018). Deter-
mining the radial structure of the resolved far-infrared
emission, Hodge et al. (2016, 2018) found that the far-
infrared emission in SMGs at z =~ 2.5 is consistent
with exponential profiles without strong evidence for
clumpy disk structures. However, the occurrence of
these compact star-forming disks is not sufficient to con-
strain the formation mechanisms of SMGs. For example,
they might be triggered by the dissipative collapse of
gas during major galaxy mergers (e.g., Bournaud et al.
2011), or radial flows of gas caused by disk instabil-
ities might trigger strong centrally enhanced star for-
mation within massive star-forming disks without the
need for on-going merging (e.g., Elmegreen et al. 2008;
Dekel & Burkert 2014; Bournaud et al. 2014). In paral-



lel to studying the far-infrared component, stellar mor-
phologies of SMGs have also been investigated by prob-
ing their resolved rest-frame optical emission. Such
studies have revealed that SMGs have disturbed and
irregular morphologies, with exponential radial profiles
(Swinbank et al. 2010b; Targett et al. 2013; Chen et al.
2015; Hodge et al. 2016; Rujopakarn et al. 2016). Al-
though these properties are similar to those of the ‘nor-
mal’ star-forming galaxy population, signatures of tidal
tails and asymmetric structures indicative of mergers
are also more frequently found in SMGs or far-infrared
selected galaxies at z > 1, in contrast to their coun-
terparts at lower star-formation rates (Conselice et al.
2011; Wiklind et al. 2014; Kartaltepe et al. 2012). More-
over, recent studies combined HST imaging with ALMA
observations (albeit based on small samples) to test
whether the compact far-infrared emission is spatially
decoupled from the more extended optical emission, and
hence to determine if this arrangement is in agreement
with a merger origin of SMGs (e.g., Ivison et al. 2000;
Chen et al. 2015; Hodge et al. 2016).

One major caveat of these studies is that the op-
tical emission can be strongly affected by structured
dust extinction (see e.g., Simpson et al. 2017) , and
thus might fail to be a reliable tracer of the underly-
ing stellar-mass distribution. In the most extreme cases,
inferred column densities in the centers of high-redshift
SMGs imply optical extinctions reaching Ay ~ 2000
(Gémez-Guijarro et al. 2018; Simpson et al. 2017). In
such cases, the observed optical emission can clearly not
be used to infer the underlying stellar-mass distribu-
tion. However, based on samples of optically-selected
star-forming galaxies at 1 < z < 3, it is possible to re-
cover the underlying stellar mass distributions of galaxies
and search for radial gradients in color and hence M/L*
(Wuyts et al. 2012; Lang et al. 2014).

Here, we extend these studies to investigate the for-
mation mechanisms of SMGs by combining information
on the resolved distribution of both the dust-obscured
star formation and the assembled stellar mass on kpc
scales. We analyze dust continuum imaging at 870 um of
19 SMGs around z=2 from three cosmological deep fields.
Reconstructed stellar mass distributions at kpc-scale res-
olution are available from the deep multi-wavelength
imaging from the CANDELS survey (KKockemoer et al.
2011; Grogin et al. 2011). Through analyzing this unique
data set of submm/mm-selected SMGs probing a large
range of star-formation rates (100Mgyr—t < SFR <
700 Mg yr—!), we compare the dust-obscured star for-
mation distribution to the inferred stellar morphologies.
This analysis will help to elucidate the evolutionary con-
nections of distant SMGs to less actively star-forming
galaxies at similar redshifts, as well as to the local pop-
ulation of massive spheroids.

3

Our paper is arranged as follows: We discuss the var-
ious sources of observational data used, as well as our
sample selection in Section 2. This is followed by a
description of our methodologies to derive stellar-mass
maps and morphological quantities in Section 3. Our
results are presented in Section 4, followed by a discus-
sion of our findings in Section 5. Finally, our conclusions
are presented in Section 6. Throughout this paper, we
assume a Chabrier (2003) initial mass function (IMF),
and adopt the cosmological parameters (a7, Q2a,h) =
(0.3,0.7,0.7).

2. OBSERVATIONS AND SAMPLE

To study the structure of stars and obscured star for-
mation in SMGs, we construct a sample of 20 SMGs that
have been targeted with deep, high angular-resolution
observations from both ALMA and HST across three cos-
mological deep fields.

As a basis for our sample, we consider SMGs originally
detected in ground-based single-dish submm surveys and
followed-up with high-resolution ALMA observations in
the submm continuum. We apply the following selection
criteria (see Section 2.4 for a more detailed discussion):
(a) redshift range 1.7 < z < 2.6 (where our method to
derive stellar-mass maps is most robust), (b) coverage by
the HST/CANDELS survey, and that are detected with
sufficient S/N in both Ji25 and Higo band filters, and (c)
no evidence for an AGN.

As high-resolution ALMA and HST observations with
sufficient S/N are only available for a limited number of
SMGs, this requirement imposes the strongest limit on
our sample size and prevents the use of further selection
criteria (such as, e.g., flux-limits). We discuss the prop-
erties of our sample and potential sample biases due to
our various selection criteria in Section 2.4.

In the remainder of this section, we describe the ALMA
observational programs from which data are used, the
HST imaging, the ancillary multi-wavelength photome-
try, and the selection of our final sample.

2.1. ALMA observations
2.1.1. UDS

14 SMGs of our final sample are taken from the
ALMA-SCUBA-2 Ultra Deep Survey (UDS), hence-
forth referred to as ‘AS2UDS’. AS2UDS is a follow-
up study of a complete sample of 716 SCUBA2-
sources in the UDS fields detected at 850 ym with
S/N > 4 (see Geach et al. 2017). 30 of the bright-
est sources were observed in ALMA Cycle 1 (Project
ID:2012.1.00090.S; Simpson et al. 2015b, 2017) and the
remaining 689 sources were observed in ALMA Cycle 3,
4, and 5 (Project IDs: 2015.1.01528.S, 2016.1.00434.S,
and 2017.1.01492.S, respectively) at 870 um. The fi-
nal detection maps have median depths of og79 =



0.25mJybeam~! (Cycle 1), og70 = 0.34mJybeam™!
(Cycle 3), og70 = 0.23 mJy beam~!(Cycle 4), and og79 =
0.085 mJy beam~!(Cycle 5). The resulting sample con-
tains 708 individual ALMA sources with Sg7p > 0.6 mJy
(corresponding to 4.30). A full description can be found
in (Stach et al. 2018, 2019; Simpson et al. 2015a,b).

Here, we consider the subset of 696 AS2UDS SMGs
with Ss7o > 1mlJy, all for which photometric and/or
spectroscopic redshifts are available. The ALMA images
for AS2UDS sources used in this analysis have an angu-
lar resolution of FWHM = 0719-0735. Deboosted and
primary beam-corrected flux densities are taken from
(Stach et al. 2018). Available K-band magnitudes are
taken from the UKIDSS UDS DR11 photometric catalog
based on a median 30 depth of 25.7 mag.

2.1.2. ECDFS

Another part of our sample is taken from the ALMA
Band 7 follow-up of single-dish submm sources from the
LESS survey (‘ALESS’, Hodge et al. 2013; Karim et al.
2013), which provides a homogeneous and unbiased sam-
ple of SMGs over a wide redshift range in the ECDFS
field (including GOODS-South). 126 LESS sources de-
tected with S/N > 3.7 were observed in ALMA Cycle 0
(Project ID: 2011.0.00294 Hodge et al. 2013) at 870 ym
with a spatial resolution of FWHM=1"6. The resulting
sample of ALESS SMGs (referred to as the ‘Main sam-
ple’ in Hodge et al. 2013) comprises 99 SMGs detected
in the ALMA maps above 3.50 (the ALMA maps have a
median of og7p = 0.4mJybeam™1).

A sub-sample were followed-up in ALMA Cycle 1 at
Band 7 by Hodge et al. (2016), providing high-resolution
imaging (FWHM ~ (/16) at 870 pm for sixteen detected
SMGs (ALMA project 2012.1.00307.S). For our study,
we consider the whole set of 99 ALESS SMGs, for which
photometric and/or spectroscopic redshifts are available.
The ALMA imaging for ALESS sources is taken from Cy-
cle 0 observations Hodge et al. (2013). We supplemented
these with the high-resolution Cycle 1 observation from
Hodge et al. (2016) for one source (ALESS067.1). De-
boosted and primary beam-corrected flux densities are
taken from Hodge et al. (2013). We take Ks-band magni-
tudes for the ALESS sources from Simpson et al. (2014),
who combine Ky photometry from multiple surveys in
the ECDFS field with 30 limiting depths ranging from
22.4 to 24.4 mag.

2.1.3. COSMOS

Additionally, we use the sample of SMGs detected
with the ALMA Band 6 (1.3mm) follow-up of bright
AzTEC sources in the COSMOS field. AzTEC SMGs
were originally selected based on the 1.1 mm blank-
field continuum survey with the ASTE/AzTEC instru-
ment within COSMOS (Aretxaga et al. 2011).  The

122 brightest AzTEC sources (S/N > 4) have been
followed-up by ALMA observations at 1.3 mm with an
angular resolution of FWHM=1"6, and an r.m.s noise
of 0.1mJybeam~! (ALMA project 2013.1.00118.S, PI:
M.Aravena). In total, 152 ALMA sources have been de-
tected (with S/N > 5) with ALMA. Out of those, 124
individual SMGs have been selected that have robust
optical /near-infrared counterparts and thus photomet-
ric and/or spectroscopic redshifts. Furthermore, sources
hosting AGN have been removed by applying several cri-
teria (based on detected X-ray as well as radio emission).
Details of this catalog are presented in Miettinen et al.
(2017). For our study, we consider this set of 124 SMGs.
The imaging for all our AzTEC SMGs is taken from the
A3COSMOS archive project that produces cleaned im-
ages for all publicly available ALMA continuum obser-
vations in COSMOS (see Liu et al. 2019 submitted for
details). Deboosted and primary beam-corrected flux
densities are taken from Miettinen et al. (2017). K-
band magnitudes for the AzTEC sample are taken from
the Brisbin et al. (2017) catalog, and correspond to a
3o limiting depth of 24.0-24.7 mag (for details see also
Laigle et al. 2016).

To compare the flux densities for all AzZTEC SMGs ob-
served at 1.3 mm with those from AS2UDS and ALESS
(done in the following Section), we convert the flux den-
sity to observed-frame 870 ym by applying the Rayleigh-
Jeans approximation and assuming a dust emissivity in-
dex of 8 = 2. The choice of S is motivated by the mea-
surements from Magnelli et al. (2012). We note that our
conclusions are not significantly affected if we instead
adopt g = 1.5.

2.2. HST imaging

For our study, we exploit HST observations from
the deep multi-orbit CANDELS Treasury Survey
(Koekemoer et al. 2011; Grogin et al. 2011). The CAN-
DELS imaging covers multiple pass-bands at optical
and near-infrared wavelengths from different cameras on
board HST, from which we use the Jio5 and Hygo filters
observed with the WFC3 instrument.

All CANDELS imaging used in our analysis has been
drizzled to a 0”06 pixel scale. Typical point-source limit-
ing depths within CANDELS in Hygp are 27.0 mag. For
details on the observations and data reduction, we refer
the reader to Kockemoer et al. (2011) and Grogin et al.
(2011).

We have furthermore calibrated the astrometry of the
HST images for our high-resolution ALMA sample, and
aligned the Hygp-band images to the Spitzer /TRAC 3.6-
pm image of the full ECDFS and UDS fields. We used
SExtractor to create a source catalog for each HST im-
age and the 3.6-pum image and match each source in the
HST catalog to the 3.6-pum catalog and measure an in-



dividual offset for each image. We apply a median offset
of ARA=0"13 and ADec=-0"27. We test the accuracy
of our astrometry statistically by calculating the offsets
between randomly chosen 3.6-pm sources and their Hygo-
band counterparts lying within a 0”8 radius (equivalent
to the IRAC / 3.6-pum point-spread function), and we find
no systematic offset and a scatter of just 0”1 in both RA
and Dec, consistent with the expected accuracy of the
IRAC imaging (Damen et al. 2011).

2.3. Ancillary data and integrated galaxy properties

Integrated stellar masses and star-formation rates for
the sources in our sample are derived using the MAG-
PHYS code (da Cunha et al. 2008). MAGPHYS combines
the emission from stellar populations with dust attenua-
tion within galaxies by assuming energy balance. Spec-
tral population synthesis models of Bruzual & Charlot
(2003) are used in combination with a Chabrier (2003)
initial mass function. For this work, SED fitting
was carried out with an updated version of MAGPHYS
(da Cunha et al. 2015), which includes updated recipes
suited for galaxies at redshifts > 1. Star formation his-
tories (SFHs) are parametrized as delayed 7 models with
superimposed bursts of finite (30 to 300 Myr) length. At-
tenuation by dust in MAGPHYS is based on the model by
Charlot & Fall (2000). !

The SED-derived parameters such as photometric red-
shifts, integrated star-formation rates, and stellar masses
of our SMGs are taken from several studies in the litera-
ture which are in turn based on ground- and space-based
photometry in ECDFS, COSMOS, and UDS:

For all AS2UDS SMGs, fits with MAGPHYS are taken
from Dudzeviciute et al. (in prep). Briefly, the SEDs are
modeled using photometry from U-band to MIPS 24 ym
together with deblended Herschel SPIRE data (using the
same technique as presented in Swinbank et al. 2014),
ALMA Band 7 data and VLA 1.4 GHz radio data. Only
a small subset (44 out of 695) of AS2UDS galaxies cur-
rently have spectroscopic redshifts, which we use for our
analysis.

For our ALESS SMGs, MAGPHYS parameters are avail-
able from da Cunha et al. (2015) that rely on the deter-
mination of photometric redshifts. However, recent spec-
troscopic redshifts by Danielson et al. (2017) are now
available for a subset of ALESS SMGs. As all ALESS
SMGs in our final sample have a spectroscopic redshifts,
we re-fit their SEDs with MAGPHYS including all ground-
and space-based photometry as done in da Cunha et al.

I'We note that recent measurements of the 13C /180 abundance
ratio in a few SMGs at redshift ~ 2-3 indicate the presence of a
top-heavy IMF (Zhang et al. 2018). Such IMF variations (along-
side with various assumptions within SED-modeling concerning,
e.g., the shape of the star formation history) might lead substan-
tial systematic uncertainties in the derived stellar masses and star-
formation rates of our sample (see Section 2.5).

(2015), adopting the respective spectroscopic redshift.

Stellar properties for our AzTEC sources are taken
from Miettinen et al. (2017) who employ SED-modeling
with MAGPHYS. The photometry is taken from the COS-
MOS2015 catalog (Laigle et al. 2016), covering optical
B-band to 24 um fluxes. Additionally, de-blended far-
infrared photometry (100-500 ym) from Herschel/PACS
& SPIRE (see also Brisbin et al. 2017) were included,
as well as further ground-based far-infrared and radio
measurements. We take the redshift information from
Brisbin et al. (2017), which compiles photometric red-
shifts and spectroscopic redshifts for 30 AzTEC SMGs.

We note that even for SMGs with spectroscopic red-
shifts, the detected ALMA /submm source might repre-
sent a lensed systems at higher redshifts that is not phys-
ically associated with its optical counterpart. The proba-
bility for a configuration of such lensed systems increases
with submm flux of the source and reaches about 10 % at
Ss70 = 10mJy (i.e., the maximum submm flux reached
by our sample; Negrello et al. 2007).

2.4. Sample selection

To construct our final SMG sample from the pool of
available sources from the AS2UDS, ALESS, and AzTEC
surveys (resulting in 919 sources), we apply the following
selection criteria:

1. First, we consider all SMGs from these surveys that
lie within 1.7 < z < 2.6. At these redshifts, the red-
dest available HST imaging filters Jy25 and Higp (at
a central wavelengths of 1.25 and 1.6 ym, respec-
tively) sample the spectrum of a galaxy close to
the Balmer break at ~ 3800 A, while the Higo falls
redward of it. Therefore, this filter combination is
well suited to derive stellar mass distributions for
our sample sources. This reduces our initial sample
to 362 galaxies.

2. Next, we select sources that fall within the respec-
tive CANDELS areas of the UDS, GOODS-S, and
COSMOS fields. Due to the limited overlap of
CANDELS compared to the whole area covered
by the respective deep fields, this criterion removes
a large portion of the observed SMGs, leaving 26
galaxies.

3. We require a sufficient S/N level for the CANDELS
imaging in both Ji25 and Higp filters to derive spa-
tially resolved color and stellar mass distributions
with the applied techniques (see Section 3.1.1 for
a detailed explanation). In particular, we require
enough S/N in both the Jia5 and Higo filters so
that our color and hence M/L* maps contain at
least three spatial Voronoi bins to recover spatial
varying M/L* (see details in Section 3.1.1). This



criterion removes 6 galaxies with the faintest op-
tical counterparts (K 2 22.6 mag), such that 20
galaxies remain.

4. Finally, we reject AGN based on various criteria.
Since several AGN rejection criteria have already
been applied to the parent samples from ALESS
and AzTEC, we additionally reject AS2UDS galax-
ies that are either classified as AGN due to
the Donley et al. (2012) criterion or have X-ray
counterparts in the deep Chandra X-UDS catalog
(Kocevski et al. 2018). One object from AS2UDS
fulfills the AGN criteria (AS2UDS.292.0) through a
close X-ray counterpart (< 1”) and is thus rejected
from the sample.

After applying these selection criteria, a total of 20
SMGs are considered for the final sample, from which
14, 3, and 3 are taken from AS2UDS, ALESS, and
A3COSMOS/AzTEC, respectively.

2.5. Final sample properties

The final sample properties are provided in Table 1.
Our sample has a median redshift and scatter of z = 2.15
and 0.26, respectively. 16 galaxies out of our final sample
have spectroscopic redshift information. For 14 galax-
ies, our ALMA observations reach a resolution of better
than 072, which is comparable to the HST/WFC3 imag-
ing. Although being observed at slightly lower resolution
(0”35), we include AS2UDS.583.0 and AS2UDS.659.0
also in this high-resolution sample. These targets form a
crucial sub-sample ideally suited to compare their stellar
and far-infrared profiles at the same angular resolution.
We keep our SMGs observed with ALMA at lower angu-
lar resolution (ranging from 0”8 to 2”1) to analyze their
stellar mass distributions. Within the uncertainties, the
median redshift, stellar mass and star-formation rate of
the high-resolution sample do not change with respect to
our full SMG sample.

Our final sample of 20 sources represents only a small
fraction of our SMG parent sample from AS2UDS,
ALESS and AzTEC at 1.7 < z < 2.6 (i.e.,our sample
of SMGs that remain after applying selection criterion
1). Due to different flux limits of the parent surveys and
the requirement of available redshifts, the selection of
sub-samples for ALMA follow-up is complex. However,
we treat these in the following as an indicative repre-
sentation of the underlying SMG population with near-
infrared counterparts at the flux limits applied, and test
if our selection criteria might introduce selection biases.
To do this, we explore the properties of our sample and
compare those to the parent samples AS2UDS, ALESS
and AzTEC at 1.7 < z < 2.6 (i.e., our sample of SMGs
that remain after applying selection criterion 1).

In Figure 1, we plot the apparent K -band magnitude
versus the observed flux density at 870 um (Ss7o) for the
parent samples, and our HST/ALMA sample analyzed
here after applying our redshift cut. We highlight all
SMGs that fall within the CANDELS areas (i.e., after
applying criterion 2) as colored symbols. Those are split
into faint near-infrared sources rejected by criterion 3
(i.e.,due to being too faint in either the Jio5 and Higo
band for our analysis; open symbols) and our final SMG
sample (filled symbols).

All SMGs that are covered by CANDELS show a fairly
uniform and homogeneous sampling of the underlying
SMG population at z ~ 2, as the criterion of targets
to fall within the CANDELS areas yield a random se-
lection. Applying a Kolmogorov-Smirnov (K-S) test, we
find that the distributions of both Ks-band magnitude
and Sgro are not significantly (> 30) different when com-
paring the sources that are covered by CANDELS to the
underlying SMG population. However, when compar-
ing the distribution of our final sample and the sources
too faint in either the Jio5 and Hygg band, we find that
all rejected SMGs have faint optical /near-infrared coun-
terparts (K 2 22.6 mag) and occupy the locus of low
870 pm flux. As a consequence, our final sample ex-
hibits a bias towards optically bright SMGs with high
flux densities at 870 um. The bias in Ky magnitude
stems from the requirement of an underlying counter-
part sufficiently bright at both J and H-band and leads
to a significant fraction of optically-faint SMGs not be-
ing considered here. Such sources are potentially SMGs
at lower stellar mass (which will be discussed below) or
the cause of overall heavy dust attenuation frequently
observed in SMGs (see e.g., Simpson et al. 2017). Our
analysis might therefore not be able to include SMGs
with extreme Ay gradients towards their centers, which
represents an important caveat in our analysis and will
be discussed later in Section 4.

We furthermore examine the location of our SMG sam-
ple in the M,-SFR plane (see Figure 2). Stellar masses
and star-formation rates in this Figure are based on SED-
derived values from MAGPHYS. Faint J/H-band sources
rejected due to criterion 3 are shown as open symbols,
for reference. As an indication for a representative par-
ent sample of SMGs, we additionally plot the position of
ALESS and AzTEC SMGs at 1.7 < z < 2.6, as those
have publicly available estimates for stellar mass and
star-formation rate. We caution that the derived stellar
masses for our sources might be subject to systematic
uncertainties stemming from assumptions in the SED
fitting such as star formation history, IMF, metallicity,
and details of the dust-extinction recipe, that exceed the
statistical uncertainties as output by MAGPHYS quoted
in Table 1. More specifically, the impact of changing
the assumed form of the SFH (i.e.,instantaneous burst



Table 1: Sample properties of our final SMG sample.

ID® 2b Band®  Ss70um® Beam FWHM® K Higo! log(M..)? SFR"
[mJy] ["] [AB mag] [AB mag] Mo] Mo yr']
AS2UDS.113.1  1.682 7 2.9+0.3 0.19 22.734+0.02 23.15+0.06 10.30751 19673
AS2UDS.116.0  2.222 7 6.0+£0.6 0.20 21.54 +£0.01 22.24+0.03 11.627313 9613}
AS2UDS.125.0  2.154 7 4.6+0.5 0.20 20.76 £ 0.01 21.21 +£0.01 11.707315  289*%
AS2UDS.153.0  2.315 7 32405 0.20 22.35+0.02 22.37+£0.03 10.727595 36973,
AS2UDS.259.0  1.793 7 4.740.3 0.18 21.19£0.01 21.79£0.02 11.297015 15415
AS2UDS.266.0  2.232 7 42+0.7 0.19 22.59 +£0.02 23.294+0.06 11.01150% 9373
AS2UDS.271.0  2.578 7 3.9+0.7 0.19 2216 +£0.01 2252+ 0.03 10.937592 3607104
AS2UDS.272.0  1.849 7 5.140.5 0.20 21.6140.01 22.1340.02 11.117582 286735,
AS2UDS.297.0  2.154 7 44406 0.20 21.924£0.01 22824005 10.69739 565122
AS2UDS.311.0  1.995 7 5840.8 0.19 21.76 £ 0.01 22.64+0.04 11.6373%  142%2%
AS2UDS.322.0  2.542 7 1.6 0.1 0.80 21.98 £0.01 22.324+0.03 11.73700% 17113,
AS2UDS.412.0  2.450 7 41403 0.18 22.51 £0.02 23.384+0.08 11.131005 207153
AS2UDS.583.0 2.477038 7 31404 0.35 22.8540.03 23.09+0.08 10.5175:12 132737
AS2UDS.659.0 1.92%712 7 1.740.3 0.35 21.60 +0.01 2247 +0.03 11477338 114123
ALESS018.1 2.252 7 44405 2.07 21.1340.01 22.01 £0.02 11.4773% 545793
ALESS067.1 2.123 7 4.540.4 0.18 21.09+0.02 21.78 £0.02 11.227007 15413
ALESS079.2 1.769 7 2.0 +£0.4 1.38 20.89 +£0.01 21.53+0.02 11.437097 1251
AzTECC33a  2.30701¢ 6 7.0 +£0.7 1.32 21.00 £0.10 21.47+£0.02 10.99759%  6617}°
AzTECC38 1.91%558 6 10.9 £+ 0.6 1.30 2250 £0.10 23.42+0.08 11.527591 28377,
AZTECC95 2.102 6 53404 1.26 20.70 +£0.10 21.39+0.01 11.28799%1 35771

Notes: a) Source ID as adopted from Stach et al. (2018), Hodge et al. (2013), and Miettinen et al. (2017) for sources
taken from AS2UDS, ALESS, and AzTEC samples, respectively. b) Source redshift. Values with quoted errors are
photometric redshifts, and spectroscopic redshifts otherwise. ¢) Observed ALMA Band. d) Integrated total flux density
at 870 um. For sources observed in ALMA Band 6, fluxes were converted to 870 um by applying the Rayleigh-Jeans
approximation and assuming a dust emissivity index of 5 = 2. e) Major axis beam FWHM size of the ALMA imaging.
f) Integrated Higo magnitude. g) and h) SED-derived galaxy-integrated stellar mass and star-formation rate derived

from their optical+IR SEDs based on MAGPHYS.

versus constant model) has been demonstrated to be
as large as ~ x3 in total stellar-mass estimates within
SED fitting (Hainline et al. 2011; Simpson et al. 2014;
Michatowski et al. 2014). In the remainder of this work,
we will therefore consider these uncertainties as caveats
when discussing our results.

Our final sample overlaps well with the underlying
SMG population at high stellar mass in the range
log (M./Mg) = 10.3-11.7. The median stellar mass
of our sample, log (M,/Mg) = 11.3 is consistent with
that of the underlying SMG population (log (M../Mg) =
11.1). The star-formation rate distribution of our sample
has a range of 93 < SFR [Mg yr~!] < 661, with a median
of SFR = 202 4 36 M, yr~!'. The median star-formation
rate of the underlying SMG population is slightly higher
(SFR = 326 M, yr—!). Inspecting the locus of faint .J/ H-
band sources, we find that, most notably, those reach to
lower masses (log (M./Mg) < 10.3). This seems plausi-
ble as those sources are rejected due to their faint optical
counterparts.

The position of the star-forming main sequence at the

median redshift probed by our sample is shown in Fig-
ure 2. The majority of our final SMGs (13 sources) lie
within the scatter (i.e.,0.3dex) or below the main se-
quence and thus our sample shows a considerable over-
lap with the general star-forming population at z ~ 2.
This is an agreement with studies demonstrating that the
massive (log (M./Mg) = 11) SMG population selected
at (sub-)mm wavelengths at z ~ 2 overlaps substan-
tially with the main sequence (e.g., Michalowski et al.
2012, 2017; da Cunha et al. 2015), which in turn is de-
rived from galaxy populations based on other selections
also including UV /optical /NIR, emission. Consequently,
optical /NIR-selected galaxies are also shown to exhibit
(sub-)mm emission (i.e., Tadaki et al. 2017a). The over-
lap of our SMGs with the main-sequence population
is reflected by an overall mild positive offset of spe-
cific star-formation rate compared to the main sequence
(log (sSFR/sSFRug) = 0.04 £ 0.08). However, seven of
our sources probe the regime of higher star-formation
rate reaching up to log (sSFR/sSFRus) = 0.83. Systems
that lie in this region of the M,-SFR plane (i.e., with
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Figure 1: K -band magnitude versus observed ALMA
flux density at 870 um. Gray symbols show the parent
samples of all AS2UDS, ALESS, and AzTEC SMGs in
the redshift range 1.7 < z < 2.6. Filled colored symbols
represent the final SMG sample considered in this study.
In addition, open colored symbols identify targets which
are rejected due to their low surface brightness in the
HST/WFC3 J and H-band imaging. Our final selection
yields optically /near-infrared bright SMGs (K < 22.9)
which overlap well with the underlying SMG parent sam-
ples with available redshifts.

sSFR enhancements of factors 2-3 relative to the main
sequence) are commonly referred to as ‘starburst’ galax-
ies (e.g., Elbaz et al. 2011; Schreiber et al. 2015). With
our sample spanning 1.5 orders of magnitude in sSFR, it
is well suited for exploring and comparing galaxy prop-
erties of starburst galaxies versus more moderate main-
sequence galaxies.

3. METHODOLOGY

We now outline our method for deriving spatially re-
solved stellar mass distributions inferred from Ji25 — H1g0
color maps, and obtaining structural measurements from
those and the observed ALMA images. The filter combi-
nation of Jio5 and Higg probes rest-frame optical wave-
lengths at z ~ 2 and can therefore be used to infer
stellar M/L* ratios (e.g., Bell & de Jong 2001). Al-
though imaging from additional bands are offered by the
HST/CANDELS survey, we only use the Jyo5 and Higo
filters in this work. The reason is that the emission in
those two bands is effectively detected within our sources,
which is not the case for bands at shorter wavelengths.
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Figure 2: Our SMG sample shown in the M,-SFR plane.
Both quantities are based on SED-derived values from
MAGpPHYS. The final sample is shown as filled sym-
bols, and SMGs rejected due to criterion 3 (i.e.,faint
in J/H-band) are shown as open symbols. Gray sym-
bols show the underlying parent samples of ALESS and
AzTEC SMGs at 1.7 < z < 2.6. The solid and dot-
ted lines represent the main sequence (adopted from
Whitaker et al. 2014) at the median redshift of our sam-
ple (z = 2.15), and the corresponding scatter (0.3 dex),
respectively. The dashed line denotes the median main
sequence offset of 0.04 dex of our final SMG sample.

First, we explain in Section 3.1.1 how the resolved color
maps are computed. Their conversion into maps of ob-
served mass-to-light ratio and subsequent stellar mass
distributions are presented in Section 3.1.2 and Section
3.1.3. Finally, we describe the extraction of structural
parameters from the stellar-mass maps as well as ALMA
images in Section 3.2.

3.1. Resolved stellar mass distributions

3.1.1. Derivation of color maps

We create HST J125 — Higo color maps for each SMG
in our sample. First, we match the PSFs of both fil-
ter bands. We construct a median-stacked PSF for
each CANDELS field and filter on the basis of 5-7 well-
exposed and non-saturated stars. The spatial resolution
in Jios and Higp band based on our stacked PSFs is
0718 and 0719, respectively. With these PSFs, we use
the PYRAF task PSFMATCH to construct a smooth-
ing kernel to convolve the Jio5 image to Higo-band res-
olution, separately for each field. We test the quality of
the PSF-matching by ensuring that no artificial radial



color-gradients are introduced when dividing the median
matched PSFs in both filters.

To ensure that all pixels in our final color maps
have sufficient S/N in the outer regions, we perform
a Voronoi-binning scheme (Cappellari & Copin 2003).
Within this technique, adjacent pixels are grouped to-
gether within bins that fulfill a minimum desired S/N
threshold (named the ‘target S/N’). This increases the
quality of resolved color distributions (e.g., Wuyts et al.
2012; Tacchella et al. 2015b). Before the binning is ap-
plied, all pixels in both Jio5 and Higp images that
can be associated with the target SMGs are identi-
fied by creating segmentation maps with SEXTRACTOR
(Bertin & Arnouts 1996). In cases where sources have
close neighbors, we identify the main SMG component
as the one associated with the submm ALMA emission.
Pixels associated with emission from close neighboring
sources are masked. The S/N thresholds for our seg-
mentation maps are based on the average S/N of both
Jios and Higp filters, and are adapted for each target
individually (within the range of 1.5-3 times the back-
ground r.m.s noise). For SMGs with close neighboring
galaxies, we carefully adjust the SEXTRACTOR parame-
ters such that the final segmentation maps only include
the main SMG component. The Voronoi-binning is then
performed on all pixels within the segmentation map of
each galaxy, adopting a target S/N in the range of 10-15.
We choose this range of target S/N to achieve an effective
suppression of noise in the color distributions, especially
for the outer Voronoi bins, while still keeping the bins
small enough to detected radial color variations. Similar
target S/N ratios have been used in the literature to an-
alyze color distributions of z ~ 2 galaxies based on com-
parable HST data sets (see e.g., Tacchella et al. 2015b).
We derive the final color maps by dividing the binned
Ji2s5 and Hjgo-band images. The Voronoi-binned color
maps are shown in Figure 5 with a fixed color scaling for
the entire sample.

3.1.2. Conwversion from light to stellar mass

Next, we convert our .Jys5 — Higg color distribu-
tions into maps of observed stellar mass-to-light ratio
in the Higo-band (i.e.,M/L};). The two filters probe
the spectrum close to the age-and extinction sensitive
Balmer break at 4000 A rest-frame wavelength at these
at z ~ 2 providing a robust relation between Jy25 — Higo
color and M/Lj; for our SMGs. Although additional
HST/WFCS3 filters at shorter wavelengths are available
within CANDELS, only the Jy25- and Higo-band emis-
sion (at the longest wavelengths available) effectively
cover the galaxy with sufficient S/N for our sample.
This is not the case for available bands at shorter wave-
lengths, for which the emission of our sources appears to
be strongly or entirely suppressed in most of our targets.
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Figure 3: Relation between observed M/L} and Jigs -
Higo color. Age-tracks derived from Bruzual & Charlot
(2003) models for a variety of SFHs shown in differ-
ent colors. The ages range from 20 Myr to 3.1 Gyr at
z = 2.1. For each SFH, two tracks are shown that rep-
resent the range of assumed metallicities (i.e.,0.2 and 1
times the solar value). Different line-styles demonstrate
the effect of extinction, implemented by following the
Calzetti et al. (2000) description, ranging from Ay = 0
(solid line) to Ay = 8. Gray symbols show the median
relation binned in Jio5 - Higo color. Error bars denote
the 1-0 scatter of all tracks at a given color, and the
shaded polygon indicates the maximum range in M/L}
of all models considered. There is a well defined rela-
tion that allows a robust determination of log (M/L¥)
at a given observed Jio5 - Higo color given our model
assumptions.

Therefore, we regard the information based on those fil-
ters as negligible and only analyze the Jy25 — H1go color.
As we will show below, (and as shown by previous stud-
ies, e.g., Bell & de Jong 2001; Tacchella et al. 2015a),
this rest-frame optical color already yields a robust proxy
for the M/Lj; quantity given the model assumptions out-
lined below.

We calibrate the (Jios — Higo)-M/L}; relation
by constructing synthetic galaxy SEDs based on
Bruzual & Charlot (2003) models. We adopt models
with a Chabrier (2003) IMF, two values for metallicities
(0.2 and 1 times the solar value), and a variety of star
formation histories, from exponentially declining (with e-
folding timescales ranging from 50 Myr to 3 Gyr) to con-
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stant star-formation rates. As a further ingredient, we
consider a Calzetti et al. (2000) extinction law, assuming
a foreground dust screen with a range of Ay from 0 to 8.

Figure 3 shows the age-tracks (ranging from 20 Myr to
the age of the Universe at the given redshift) of our mod-
eled galaxy SEDs in the (Ji25 — Higo)-log (M/Lj;) plane
for the full range of assumed SFHs, metallicities, extinc-
tions for a redshift of 2.1. The quantity log (M/Lj;) is
derived as the logarithmic ratio between the underlying
true stellar mass and the observed light in Higp, and is
shown as parametrized as (log M, +0.4H160). To obtain
the age tracks, we redshift our model SEDs and compute
the observed flux in the WFC3 F125W and F160W filter.
We then combine all age-tracks and compute the median
(Ji25s — Higo) versus log (M/Lj;) relation at a given red-
shift, shown as filled circles in Figure 3. The change of
this relation with redshift is shown in Figure 10.

All model tracks move along a well defined location
within the parameter space. The main effect of the as-
sumed foreground extinction at fixed age is to shift the
relation along the age tracks, while changing metallic-
ity hardly affects the relation. Thus, despite these de-
generacies, this relation allows one to constrain M/L}
and therefore the underlying stellar mass without prior
knowledge of details of the SFHs, metallicities, or ex-
tinction at a given redshift. The error bars in Figure
3 represent the 1-o scatter in log (M/Lj) of all models
considered at a given color. These errors range from 0.1
dex at z = 1.7 to 0.3 dex at z = 2.6, considering the typ-
ical range in Jyo5 — Higp color for our sample galaxies.
We note that these error estimates in log (M /L};) depend
on the choice of the set of model tracks used, and there-
fore we show the maximum range in log (M/Lj;) of our
models at given color as shaded polygon (ranging up to
~ 0.4 dex at z = 2.1). This is discussed in more detail
in Appendix A.1.

We note that deviations from a smooth star-formation
history within the regions of our sources might introduce
further systematic uncertainties in the above relation.
Tacchella et al. (2015a) have shown that, e.g., delayed
or increasing tau models occupy the same locus of pa-
rameters in the (Ji2s — Higo)-log (M/Ly) plane. Fur-
thermore, episodes of star formation in addition to the
smooth star-formation history might also impact our de-
rived relation. Therefore, in Appendix A.2, we explore a
grid of models including past burst events. In short, we
find that moderate past bursts lead to a systematic in-
crease of log (M/Ly;) that falls within the uncertainties.
Only for the extreme cases where most of the galaxy mass
was formed at redshifts 2 3 and where the presently on-
going star formation dominates the light, we do find that
the inferred log (M/Lj;) is underestimated more signifi-
cantly.

3.1.3. Final stellar-mass maps

We apply the (Ji25 — Hie0)-M/Lj; relation at the red-
shift of each SMG to obtain inferred M/L* maps. The
M/L* maps contain only pixels that fall within the seg-
mentation map, i.e.,that posses enough signal-to-noise
in both filters to derive a robust (J125 — Higp) color es-
timate. Thus, we extrapolate the measured color into
the faint regions dominated by background noise. This
step is necessary as performing fits with GALFIT (see
Section 3.2) requires sufficient ‘empty’ background area
around the sources. We perform this step by computing
the mean M /L of the closest three Voronoi-bins at each
pixel position around our SMGs. We then multiply these
extrapolated M/L} maps with the Higo-band image to
obtain the final stellar-mass distributions.

We compare the total stellar mass from the best-fit
model to the stellar mass from MAGPHYS in Figure 4.
The sum of our stellar mass maps is derived by integrat-
ing the cumulative mass profile from the best-fit mass
models (as explained in Section 3.2) in large apertures
(= 2") to capture the entire galaxy mass. We note that
these summed stellar masses only change by ~ 0.02 dex
on average when using the actual mass maps instead of
the best-fit models, or when changing the aperture to
1”75. The scatter of the relation in Figure 4 is 0.3 dex.
Moreover, we find a systematic offset with M, (SED) be-
ing increased by about 0.3 dex with respect to our in-
tegrated stellar-mass maps. To investigate the origin of
this offset, we first compute the total stellar masses of our
sources derived from estimating log (M/Lj;) based on the
galaxy-integrated Hygo- and Jis5-band magnitudes. We
find that the masses based on integrated colors are on
average lower than the summed stellar mass maps, with
a median offset of 0.2 dex. This is in agreement with pre-
vious studies deriving resolved mass distributions based
on galaxies at low and high redshift (e.g., Zibetti et al.
2009; Sorba & Sawicki 2018), and can be attributed to
the luminosity weighting of galaxy color in unresolved
photometry. In our case, this effect would even increase
the apparent mass offset in Figure 4. Thus, we suggest
that this offset is more likely caused by differences in the
treatment of dust attenuation in MAGPHYS compared to
the foreground dust screen assumed in our (Ji25 — Hieo)
to M/Lj; conversion. Furthermore, differences in the as-
sumed shape of the star-formation histories (as pointed
out in Appendix A.2) might contribute to the systematic
mass offset. Other ingredients needed to build synthetic
galaxy spectra, such as stellar libraries, as well as IMF for
our method, are identical to the ones used by MAGPHYS.
Moreover, the energy balance built into MAGPHYS might
cause M/Lj; (and thus stellar mass estimates) to be ele-
vated with respect to our (Ji25 — Higo) to M/Lj; conver-
sion. We note that other studies in the literature found
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Figure 4: Total stellar masses derived from SED-

modeling versus integrated stellar-mass maps for our
SMG sample. The sub-samples taken from different
SMG surveys are shown as different symbols. The solid
line indicates a one-to-one relation. The integrated stel-
lar masses from MAGPHYS exhibit a positive offset (0.3
dex; dotted line) with respect to the summed stellar mass
maps.

that stellar mass estimates for SMGs derived from MAG-
PHYS show similar systematic offsets (about 0.3 dex) with
respect to SED-fitting codes without an energy balance
(such as LEPHARE; e.g., Gomez-Guijarro et al. 2018).

In the remainder of this work, we adopt the MAGPHYS-
derived stellar masses as the integrated mass estimates
for our sample. However, we base our structural mea-
surements on the reconstructed stellar mass maps that
represent the relative mass profiles of our sources. We
also address the contribution from a central ‘hidden’ stel-
lar mass component that we are not able to recover with
our method due to our simplified assumption of fore-
ground dust attenuation (and that might be better re-
covered with MAGPHYS) in Section 4.3.

3.2. Structural parameters

To determine PSF-corrected structural parameters of
our SMGs, we perform surface-brightness fits to their
Hio light distributions, stellar-mass maps, and ALMA
images using GALFIT (Peng et al. 2010). GALFIT is a
two-dimensional modeling code that fits parametric mod-
els to surface brightness distributions accounting for PSF
convolution. We use a Sérsic profile as our fiducial model
within the fitting, which is parametrized in terms of its
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intrinsic (i.e., PSF-corrected) effective half-light radius
along the major axis (R,) and Sérsic index, n. Below,
we briefly explain the input parameters and procedures
used within GALFIT for our different data sets.

To fit both H;4p images and stellar-mass maps, we pro-
duce cutouts of 6” x 6” size so that they contain sufficient
sky background. We remove neighboring sources by us-
ing a mask. In the case of close galaxies with overlap-
ping isophotes, sources are fitted simultaneously within
one GALFIT run. As the input PSF for both Hig¢ light
and stellar-mass maps, we take the stacked median PSF
in the F160W filter (see Section 3.2). Error maps re-
quired by GALFIT are derived from the available CAN-
DELS weight maps, which represent the inverse variance
including various background noise terms. Then, we
scale the CANDELS-derived errors such that their me-
dian value corresponds to the rms determined from the
His0 maps. When fitting the mass and light maps, we fix
the galaxy center to be the mass-weighted center deter-
mined directly from the stellar-mass maps (i.e., using all
pixels of the stellar-mass map that are associated with
the target based on the segmentation map). To estimate
the accuracy of our mass-weighted centroid positions, we
generate 150 versions of each mass map, each time per-
turbing the Ji25- and Hjgo-band images with their asso-
ciated r.m.s noise when creating our Voronoi-tessellated
M/ L}; maps, and measure each time the resulting mass
centroid position.

To derive errors on the best-fit parameters of R, and n
determined from the light and stellar mass distributions,
we repeat the fitting 150 times varying the central posi-
tion according to a Gaussian distribution with o equal to
the uncertainty in the mass centroid position. The final
errors of R, and n for a given source are then derived
from the upper and lower 68% confidence interval of the
resulting distributions of R. and n.

Similar fitting procedures are applied to our ALMA
images. First, we extract thumbnails for each source and
produce source masks to reject neighbors and/or fit very
close-by galaxies simultaneously. As input PSFs, we cre-
ate two-dimensional Gaussian images according to the
major and minor beam axes and position angle as based
on the clean beam. We chose to fit in the image plane
since recent studies have shown that this provides con-
sistent results compared to wv-fits (e.g., Simpson et al.
2015a; Hodge et al. 2016). To create the error maps, we
assume a constant background noise that corresponds to
the background r.m.s measured directly from the ALMA
images. During our fits, we allow the center position to
vary freely to account for potential systematic offsets in
the centroid positions between the submm and stellar
components of our sources. To compute uncertainties
in the best-fit parameters, as well as best-fit centroid
positions measured on the ALMA maps, we repeat the
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Table 2: Intrinsic effective sizes of our sample sources
based on the ALMA images, Higo-band images and
stellar-mass maps.

ID Resubmm Renieo  Remass
[kpc] [kpc] [kpc]
AS2UDS.113.1 20795  45%03 14103
AS2UDS.116.0 1.979% 63132 1.2%03
AS2UDS.125.0 24158 76108 447107
AS2UDS.153.0  0.7707  4.2%0T 5.1F3
AS2UDS.259.0  2.1%5% 46107 3.0%073
AS2UDS.266.0 11107 37107 3.6%04
AS2UDS.271.0  2.070% 81707 32133
AS2UDS.272.0 14152  4.9%02 31103
AS2UDS.297.0 12703 31105 22703
AS2UDS.311.0  1.3%03 41107 26703
AS2UDS.322.0 - 40102 0.3759
AS2UDS.412.0  L7H52 34103 09704
AS2UDS.583.0 23107 49792 361,72
AS2UDS.659.0 21752 52702 0.8%)%
ALESS018.1 - 6.2701  28%01
ALESS067.1 21705 58T0¢ 29703
ALESS079.2 - 6.7707  0.527007
AzTECC33a - 57000 1.870%
AzTECC38 - 3.9701 26701
AzTECC95 - 41793 26702

above fitting process 150 times, each time perturbing the
ALMA image by the r.m.s noise and computing the 68%
confidence interval of the of the resulting distributions of
R. and n.

The uncertainty in measuring centroid positions of the
stellar mass and ALMA 870 ym components is 0.6 kpc
and 0.2kpc, respectively. The accuracy of measuring
spatial offsets between both components is thus ~ 0.7
kpe (~ 071 at z ~ 2).

For presenting our following results on the comparison
between the dust and stellar-mass morphologies in Sec-
tions 4.2 - 5.1, we only consider the subset of 14 sources
covered with ALMA observations at high angular reso-
lution (i.e., FWHM < 074).

4. RESULTS
4.1. Rest-optical versus stellar-mass morphology

First, we compare the resulting stellar mass distribu-
tions to the Higp-band light morphology of our SMGs
sample. In Figure 5, we show the Hjgg-band cutouts,
J — H color maps, and resulting stellar mass maps for
our full SMG sample. For color and mass distributions,
only regions associated with the main SMG component
are shown, using a fixed spatial and intensity scaling for
all targets. In case of close neighboring sources (e.g.,
AS2UDS.297.0), the main SMG component is defined as
the source with the associated ALMA /submm emission.

The majority of SMGs exhibits systematically redder
colors towards their centers. Similarly, off-centered emis-
sion features, such as clumps or tail-like structures, ap-
pear as blue regions in the color maps. As redder colors
result in higher M /L* ratios, this implies systematic ra-
dial gradients towards higher M/L* in the centers of our
galaxies. For sources where those trends are strongest,
the difference in M/Lj; along the galactocentric radius
is up to 1-2 dex (in the case of e.g., AS2UDS.116.0,
AS2UDS.659.0, ALESS067.1, ALESS079.2). This ex-
ceeds the systematical uncertainties of M/Lj; at a given
(J125 — H160) color discussed in Section 3.1.2, and there-
fore likely reflects true spatial variations of M/L}; even
in the presence of potential variations in e.g., the star
formation history as a function of galactocentric radius.
In some cases, off-centered clumps dominating the light
distribution in Hjgo-band (such as for ALESS067.1) but
only weakly contribute to the stellar mass density. More-
over, the stellar mass distribution of ALESS079.2 ap-
pears as a large system with a smooth and strongly
centrally peaked mass profile, rather than being com-
prised of several components as the Higp-band image
suggests. Those cases highlight the caveat of inter-
preting highly disturbed rest-frame optical morphologies
commonly seen in SMGs (e.g., Swinbank et al. 2010b;
Chen et al. 2015; Hodge et al. 2016), and demonstrate
that the underlying stellar mass distribution can signifi-
cantly differ from the observed Higp-band distribution.

The systematic radial trends of M/Ljf; within our
sources are either caused by variations of stellar age
and/or the effects of extinction, as those two effects
cannot be distinguished on the basis of the observed
Jios5 — Higp color alone. However, in cases where the
ALMA /submm emission peak coincides well with the lo-
cation of strong color variations (e.g., AS2UDS.116.0,
AS2UDS.659.0), the redder colors are likely the effect
of increased extinction towards stronger dust-obscured
regions. We note that the optical depth towards regions
that are associated with strong dust-obscured star forma-
tion within SMGs might lead to high optical extinction
(Ay >> 1) that cannot be recovered by our method.
We discuss this potential caveat and its implication for
our results in Section 4.3. Similarly, targets with strong
dust extinction gradients or overall high dust extinction,
leading to a low surface brightness in the observed Ji25
and/or Hygo bands might be not considered in this study
due to our selection effects. We therefore emphasize that
strong systematic color gradients might be even more fre-
quent among the SMG population at high redshift com-
pared to our sample of SMGs. Future observations from
e.g., the James Webb Space Telescope (JWST) will be
needed to test such conclusions.

The observed spatial M/Lj; variations within our
sources also lead to consistent changes in their radial
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Figure 5: From left to right: Higo-band cutouts; (J125 — Higo) color maps; stellar-mass distributions (all with a fixed
size of 4”3); radial stellar mass; and far-infrared ALMA profiles for our SMG sample. The scaling and dynamic ranges
for each panel are kept fixed among all SMGs. For color and mass maps, only pixels associated with the main SMG
(based on the segmentation map) are shown. On top of each Higp-band cutout and mass map, ALMA contours for the
S/N levels 2.5, 3.5, 5, 8, and 12 are shown as blue contours. The HST and ALMA PSFs are indicated as filled ellipses
in the bottom right corner of the Higp-band cutouts. Mass-weighted centers are marked as crosses. Solid lines show
our best-fit GALFIT models to the radial profiles. Additionally, we indicate the best-fit mass model re-normalized to
the peak of the best-fit submm profile for comparison. Intrinsic effective radii are furthermore indicated as vertical

dashed lines.
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distributions (i.e., Re m160 and Re mass, respectively). We
derive a median effective size of our light and mass distri-
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butions of R 160 = 4.8+£0.3 kpc and Re mass = 2.7£0.3
kpe, respectively. These values imply that the stellar
mass components are are systematically smaller than
those of the Higp-band light, with a median ratio of
(Re,mass/Re m160) = 0.5+ 0.1. This is consistent with
the radial M/Lj; variation observed in our sources, as
higher M/Lj; at low galactocentric radii lead to over-
all smaller sizes. Similarly, the presence of off-centered
clumpy emission in the Higp-band light as well as system-
atic differences in the inferred mass and light-weighted
centers contribute to the inferred Higp-band sizes being
more extended than the stellar mass. We will also show
that this systematic size difference is independent of ra-
dial profile parametrizations (discussed in Section 4.2).

We note that the extrapolation of color and hence
M/L* when creating our mass maps likely introduces
additional systematic uncertainties in the outer stellar
mass profiles shown in Figure 5. We expect that this,
in turn, most significantly affects the measured profile
shape (hence Sérsic index). However, since the extrap-
olation of M/L* only affects our mass maps outside
the segmentation maps (which contain on average about
90 % of the total mass of our sources), this is unlikely
to impact our measurements and conclusions regarding
effective half-mass sizes discussed below.

The distribution of Sérsic indices inferred from the
stellar mass has a median of nyass = 1.4 == 0.4. This
compares to a median value for the light distribution of
nmieo = 1.0 = 0.2, hinting that the stellar mass might
be slightly more centrally concentrated than the light. A
few SMGs among our sample exhibit steep inner mass
profiles (nmass > 4) and high central stellar mass sur-
face densities (e.g., AS2UDS.659, ALESS79.2), suggest-
ing that those SMGs might host centrally concentrated
mass distributions. Due to the aforementioned addi-
tional systematic uncertainties in Sérsic index from the
M/ L* extrapolation and structured central dust, we will
not draw any further conclusions from the inferred 1,55
values in this work.

Clearly, our findings highlight the importance of cor-
recting for radial M/L* variations when determining
sizes and morphologies of the underlying stellar mass
based on rest-frame optical imaging of high-redshift
SMGs.

4.2. Dust vs. stellar-mass morphology

Next, we compare the morphology of the existing stel-
lar mass to the dust component of our SMGs, as best ap-
proximated by our stellar mass maps and ALMA submm
imaging, respectively.

The best-fit radial profiles of the 870 ym dust emission
in comparison to the inferred stellar mass at same spa-
tial resolution are directly compared in Figure 5. These
give the overall impression that the dust resides in a more
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Figure 6: Histogram of intrinsic effective radii R, as
measured in Higo-band light, stellar mass, and ALMA
870 um emission. Median sizes are indicated as vertical
dashed lines, and horizontal error bars show the respec-
tive errors on the median values. Stellar mass sizes are
clearly smaller than inferred from H-band light, with the
ALMA emission being even more compact.

compact configuration than the stellar component for the
majority of our objects. To quantify this trend, we show
the distribution of effective radii (R,) derived from stel-
lar mass maps and the ALMA submm continuum emis-
sion of our SMG sample, including the measurements
on the Hjgo-band images, in Figure 6. Median sizes of
the three different components are indicated as vertical
dashed lines. In general, the ALMA emission is more
compact than the stellar mass, with a median size of
(Re submm) = 2.0 = 0.1kpc. The median intrinsic size
difference between the submm emission and the stellar
mass is (Re submm/Remass) = 0.6 £ 0.2, demonstrating
that the dust emission is more compact than the exist-
ing stellar mass for our SMG sample. For comparison, we
find that this size ratio is even smaller when considering
the ngo—band (Wlth <Rc,submm/Rc,H16O> =034+ 003)

To confirm these size differences independent of as-
sumed radial profile shape, we consider median cumula-
tive profiles of Higp-band light, stellar mass, and submm
emission in Figure 7. These profiles represent the me-
dian of all individual normalized profiles at a given ra-
dius, with the 68th percentile around the median be-
ing indicated by shaded areas. The individual profiles
are constructed by summing up our images in ellipti-
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Figure 7: Median cumulative flux, mass and light distri-
butions for our SMGs, as measured in Higg-band light
(blue), stellar mass (red), and ALMA 870 ym emission
(cyan). Shaded areas denote the 68th percentile of all
individual profiles at a given radius. Observed effective
radii for all components are shown as vertical dashed
lines. The red dotted line represents the stellar mass pro-
file when considering an additional ‘hidden’ stellar mass
component derived in Section 4.3.

cal apertures, and are therefore not corrected for con-
volution with the respective PSF. The shapes of the el-
lipses are computed from the central positions, axis ra-
tios, and position angles of the best-fit GALFIT solu-
tions for each SMG (with neighboring objects masked
out). Since the ALMA images contain significant corre-
lated background noise, we truncate the individual pro-
files at radii where the integrated source flux reaches
a plateau (i.e.,indicating that the total source flux has
been reached). The apparent fluctuation in the cumula-
tive 870-pum flux level at the outer radii (2 10 kpc) arises
due to these correlated noise structures. Variations of
physical resolution due to the range of redshifts probed
are small at fixed angular resolution (< 6%) and are thus
neglected here.

These profiles confirm findings that the submm emis-
sion is significantly more compact than the Hjgo-band
light (see also Simpson et al. 2015b; Hodge et al. 2016,
Gullberg et al. 2019). Moreover, Figure 7 confirms that
the stellar mass sizes are on average more compact com-
pared to the Higp-band light, caused by the systematic
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radial trends in inferred M/Lj. However, the submm
emission traced by ALMA represents the most compact
component probed in our sources, independent of the as-
sumed radial profile shape. The dashed line in Figure 7,
derived from our simplified toy-model discussed in Sec-
tion 4.3, demonstrates that an additional stellar mass
component potentially ‘hidden’ by strong dust attenua-
tion does not change these conclusions.

Inspecting our resolved ALMA emission and stellar-
mass maps shown in Figure 5, the centroid position of the
dust distribution agrees with a median offset of 1.1kpc
to that of the stellar distribution. In view that the ac-
curacy of determining this spatial separation is 0.7 kpc
(see Section 3.2), our measurement indicates that there
are small intrinsic spatial displacements between the dust
and stellar components. However, there is only a minor
subset of three targets within our sample, for which the
dust emission is clearly offset > 2.5 kpe (AS2UDS.153.0,
AS2UDS.271.0 and AS2UDS.583.0). The overall good
spatial agreement between the dust and stellar compo-
nents of our SMG sample represents an important new
addition to previous studies that reported apparent spa-
tial offsets between the optical light and submm emission
(e.g., Chen et al. 2015; Hodge et al. 2016). Interestingly,
this is also the case for some galaxies in our sample (e.g.,
ALESS067.1), where there is a clear offset seen between
the peak of the Higo-band and submm emission. How-
ever, the spatial offset decreases when considering the
centroid position in stellar mass. Overall, the centroid
positions of the dust and Higp light emission show on
average larger offsets (1.5kpc) than inferred from stellar
mass.

4.3. The case of strongly dust-obscured centers

We note that our simplified assumptions on the dust
geometry (i.e., foreground screen) used for our models are
challenged by observations of SMGs, using far-infrared
and submm tracers of dust emission. In particular, high-
redshift SMGs are found to exhibit high column densities
of dust, implying values of Ay ~ 500 (assuming that the
dust in uniformly distributed within the effective submm
size), even ranging up to Ay ~ 2000 for the most extreme
cases (e.g., Simpson et al. 2017; Gémez-Guijarro et al.
2018). Similarly, the distribution of dust does not seem
to necessarily manifest itself in the attenuation of UV
and/or optical emission which is detectable at the same
spatial location, as has also been inferred from deviations
of infrared-luminous galaxies in the IRX-5 plane (e.g.,
Casey et al. 2014; Popping et al. 2017, for a review). All
this implies that our simplified corrections likely fails to
entirely recover the underlying stellar mass, which might
partly be hidden in strongly dust-obscured regions re-
sponsible for most of the submm emission. Therefore,
our above conversion from light to mass distributions rep-
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resents a lower limit to the true radial M/L* gradients
discussed in Section 4.1.

In order to test the impact of an additional ‘hidden’
stellar mass component on our averaged stellar-mass pro-
file, we perform the following tests. First, we compute
the stellar mass of such a potentially hidden compo-
nent that might be produced in the recent burst event.
We assume a burst timescale of 150 Myr, although note
that this gives a conservative estimate since typical burst
timescales of SMGs are estimated to be around 100 Myr
(e.g., Simpson et al. 2014). Considering the median star-
formation rate, a hidden burst component could produce
on average 20 % of the total stellar mass of our sample
considered in Figure 7. We add this burst mass to the
total cumulative stellar mass profile by distributing the
burst mass according to the averaged cumulative dust
profile, assuming that the central star-forming compo-
nent is well traced by the submm emission. We then
re-normalize the resulting cumulative stellar mass pro-
file. The resulting profile, shown as the dotted red line
in Figure 7), is steeper than our median stellar profile.
However, the difference to our median stellar-mass pro-
file is only marginal compared to the difference between
the dust and stellar mass profiles of our sample. Hence,
we do not expect the effect of additional stellar mass hid-
den behind a strongly dust-enshrouded central starburst
to affect the results and conclusions made in this work.

We note that our assumptions for this exercise are sim-
plified. More specifically, we expect a hidden stellar mass
component to be even more compact in case the central
submm emission is optically thick and thus fails to well
trace the central star-forming component. Moreover, ad-
ditional past burst events and potentially evolved stellar
populations in the center of SMGs might further increase
the amount of hidden stellar mass not considered here.
These would result in an even more compact configu-
ration of stellar mass (i.e.,such that the stellar mass is
closer in size to the dust distribution) than implied by
our test considered here.

4.4. Systematic trends with global SF properties

Next, we relate the relative radial distributions of the
submm and stellar components of the SMGs in our sam-
ple to their global star formation properties, to investi-
gate the connection between their structure and evolu-
tionary state.

First, we quantify the dust versus stellar morphology
by the relative size ratio between the submm and stellar-
mass components (Re submm/Re ). In Figure 8, we show
the relation of this quantity versus specific star-formation
rate. The specific star-formation rate and correspond-
ing offset relative to the main sequence is commonly
used to distinguish the overall population of ‘normal’
star-forming galaxies from galaxies in starburst mode

that systematically lie above the main sequence (e.g.,
Elbaz et al. 2011; Schreiber et al. 2015). Typical thresh-
olds for selecting starburst galaxies have factors of 2-3 en-
hancement of specific star-formation rate relative to the
main sequence (corresponding to log (sSFR/sSFRyg) >
0.5). Our shown set of SMGs cover about 1.5 orders of
magnitude in specific star-formation rate, sampling the
locus of main sequence galaxies (shown as shaded area
in Figure 8) up to the starburst regime with a sufficient
offset in specific star-formation rate to the main sequence
to explore potential systematic differences among these
two galaxy populations.

The typical error margins in Re submm/Re,« and spe-
cific star-formation rate are indicated in Figure 8. The
uncertainties in specific star-formation rate are estimated
considering typical uncertainties in M/Lj; based on our
mass-to-light conversion as derived in Section 3.1.2, as
well as typical errors in star-formation rate based on the
MAGPHYS output. We stress that the resulting aver-
age error margin in specific star-formation rate of our
sample might be underestimated, given the potentially
significant systematic uncertainties in stellar mass for
SMGs (as discussed in Section 2.5). Furthermore, all
our sources shown are color-coded by their total stellar
mass based on MAGPHYS.

We find no significant correlation between specific star-
formation rate and the dust versus stellar morpholo-
gies of our sample. Instead, our SMGs exhibit com-
pact dust versus extended stellar morphologies (with
Re submm/ Re « < 0.5) within the entire range of spe-
cific star-formation rate explored. Inspecting the depen-
dency on total stellar mass, we find no correlation with
Re submm/ Re.« at fixed sSFR, and likewise we find no cor-
relation of Re submm/Re,« with sSFR at fixed total stellar
mass. Due to the position of our sample in the M,-SFR
plane (see Figure 2), galaxies with higher sSFR are more
massive, leaving us with limited range of sSFR spanned
at fixed stellar mass. Due to our sample design, we are
thus not able to further explore possible correlations of
Re submm/ Re,« and sSFR for a given stellar mass that
potentially arise within a wider dynamic range of sSFR.

We therefore conclude that compact dust cores em-
bedded in a more extended stellar configuration found
in previous studies of SMGs (e.g., Chen et al. 2015;
Hodge et al. 2016) are not confined to systems classi-
fied as starbursts based on their elevated specific star-
formation rate values with respect to the main sequence.
Previous studies exploring the dust emission in main se-
quence galaxies at similar redshift and stellar mass as
explored here (2.2 < z < 2.5, log (M,/Mg) > 11), but
selected to be extended rotating disks based on their ion-
ized gas kinematics, could demonstrate that their aver-
age sample exhibits compact dust cores (Tadaki et al.
2017a,b), confirming this conclusion.



In addition to galaxies with compact dust cores, some
sources within our sample show submm components
being more extended than the stars (AS2UDS.113.0,
AS2UDS.116.0, AS2UDS.412.0, AS2UDS.583.0, and
AS2UDS.659.0). Inspecting their morphologies and color
distributions more closely, we find that all of these
sources exhibit radial M/L* gradients, while the three
sources with Re submm/Re,«> 1.5 have a cuspy stellar-
mass profile (n > 5, measured on their stellar mass
maps). Thus, their high ratio of Re submm/Re, com-
pared to the median of our sample seems to be driven by
compact stellar configurations rather than a large submm
size. Furthermore, the central stellar mass densities for
three of those targets are the highest within our sample
(exceeding 10* Mg pc—2). Based on these properties, we
interpret these galaxies as systems in an evolved stage,
in which a central stellar mass density has already been
built up due to strong central star formation.

To interpret our observations, we use the dust emis-
sion as a tracer of dust-obscured star formation in these
systems, relying on the assumption that the dust prop-
erties (e.g., dust temperature) do not strongly vary spa-
tially. This points to a picture in which the star forma-
tion is clearly more compact than the stellar distribution
in high-redshift star-forming galaxies over a large range
of specific star-formation rate. Recent compilations of
radio size measurements of non-AGN high-redshift star-
forming galaxies at 3 GHz have shown that effective radio
sizes are also smaller than the stellar component (with
Re radio = 1.1-1.5kpc, Jiménez-Andrade et al. in prep.),
supporting our conclusions. For comparison to the pop-
ulation of local spiral galaxies, we show the median dust
versus stellar size ratio of spiral galaxies measured by
Hunt et al. (2015) based on the KINGFISH sample in
Figure 8 (with Re dust/Re« = 0.95). Our SMGs exhibit
a more compact dust distribution relative to the stars
compare to local spiral galaxies, where the dust and stars
exhibit an about equal extent.

In order to provide a reference sample for local galax-
ies with star-formation rate (or equivalently infrared lu-
minosities) closer to our sample, we additionally plot
the median star formation to stellar size ratio for lo-
cal LIRGs and ULIRGs based on the GOALS sam-
ple. More specifically, median stellar sizes are taken
from HST/ACS i-band measurements from Kim et al.
(2013). Due to the lack of existing dust size measure-
ments of local (U)LIRGs with sufficient spatial resolu-
tion, we take the median effective sizes of star forma-
tion from 33 GHz radio measurements of the GOALS
sample from Barcos-Munoz et al. (2017). For computing
the median Re dust/Re « for local (U)LIRGs, only sys-
tems with no obvious AGN contribution and/or resolved
radio emission are considered. The resulting median
dust versus stellar size ratio of (U)LIRGS (Re, dust/Re,x

19

" Log(i/Mo)
-

10.3 10.8 11.2 1.7 ]

D
o
————r

[AV]

o
T

(o]} J
1

<
E1sfF ©
E °
of 1.0
" [2=0 spirais | ; e B
| [e) 1 J
05F °o ® ° -
1 1 (0] |
L 0 1
F 2=0 (U)LIRGs ! 1
0.0 D e
-100 -95 -90 -85 -80 -75

Log (sSFR[yr~'])

Figure 8: Ratio between intrinsic sizes of the submm and
stellar components versus specific star-formation rate.
The color-coding indicates the total stellar mass de-
rived from the SED-modeling by MAGPHYS. The po-
sition and scatter of the main sequence, adopted from
Whitaker et al. (2014), is shown as the dashed vertical
line and shaded area, respectively. The colored horizon-
tal lines indicate the median size ratios for local spirals
based on KINGFISH sample (Hunt et al. 2015), as well
as for local (U)LIRGs as based on the GOALS survey
(Kim et al. 2013; Barcos-Munoz et al. 2017). Median
uncertainties in the shown properties for our sample are
indicated in the lower right corner. The dust to stellar
size ratios show no significant correlation with the global
SF properties.

= 0.1) is clearly smaller than for our SMGs. We note
that the available spatial resolution of star-formation
tracers is significantly higher at low redshift compared
to our study. However, the observed distribution of
dust as a proxy for star formation in our analysis
can be resolved (i.e.,with Resubmm > Rebeam, where
Re peam is half of the FWHM major-axis beam size) given
our high-resolution ALMA data set. One exception is
the source AS2UDS.153.0 that shows a very compact
dust distribution of Re submm = O.67Jj8:%g kpc, and thus
Re submm/ Re beam = 0.8. This size difference demon-
strates that star formation in SMGs at high redshift
might be triggered differently than in the local (U)LIRG
population. We discuss the implications of the morpho-
logical differences between SMGs and the local spiral and
(U)LIRG populations more thoroughly in Section 5.2.
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5. DISCUSSION
5.1. Connection of SMGs to present-day ETGs

Based on our structural measurements, we investigate
in the link between SMGs and the population of pas-
sive galaxies, which are plausibly connected through the
shut-down of star formation (frequently referred to as
‘quenching’). In Figure 9, we plot the inferred effective
stellar sizes and resulting surface densities of our SMGs
as a function of total stellar mass. Since our estimates
of sizes and surface densities for individual SMGs are
subject to substantial uncertainties, we also show the
median and the scatter of our sample. As a reference
sample for the passive galaxy population, we consider
quiescent early-type galaxies at z = 1.5, as those might
represent the ‘direct’ descendants of SMG once they have
undergone quenching and evolved to the passive popula-
tion within ~1 Gyr. Their sizes and surface densities are
measured by van der Wel et al. (2014), who have quan-
tified their R.-M, relation based on large samples. We
further consider nearby massive early-type galaxies as
their potential ultimate descendants in the local Universe
(e.g., Hickox et al. 2012; Toft et al. 2012, 2017). Thus,
we additionally plot the effective sizes and resulting in-
ferred surface density of local ETGs in the ATLAS?P sur-
vey (Cappellari et al. 2011), measured through dynami-
cal modeling by Cappellari et al. (2013). As the ongoing
central star formation in SMGs likely leads to an increase
of stellar mass density (and equivalently to a decreasing
stellar size), we use our Re sybmm mMeasurements to pro-
vide an estimate on the effective star-forming sizes for
each galaxy. We furthermore estimate the inferred sur-
face densities of the star-forming component by comput-
ing the amount of cold molecular gas, My.s, acting as fuel
for star formation. As demonstrated in the recent litera-
ture, the amount of cold gas is in very good relation with
the luminosity at rest-frame wavelengths of 150-500 pm
(see Scoville et al. 2014, 2016; Groves et al. 2015). We
estimate Mg,s via adopting the coefficients from Table 6
of Groves et al. (2015) for converting our ALMA 870-um
flux densities into gas masses for our sources, and follow
thereby the recipe of Schinnerer et al. (2016).

The median stellar sizes and surface densities of our
near-infrared bright SMGs are in good agreement with
the quiescent population at z = 1.5 at the same stellar
mass. Since the star-forming component is even more
compact than the stars for our SMGs, those seem to fade
into systems that represent the smaller and denser part
of the quiescent galaxies at z = 1.5.

Figure 9 also plots the effective sizes and resulting sur-
face densities of post-starburst galaxies (i.e.,systems se-
lected to represent quiescent systems with very recent
episodes of major star formation) at 1 < z < 2 deter-
mined using rest-frame optical imaging by Almaini et al.

(2017). The post-starburst systems exhibit on average
effective sizes of 1.5-2kpc within the stellar-mass range
sampled by our SMGs, in agreement with the aforemen-
tioned decrease in stellar size of SMGs before quenching.
Thus, the post-starburst-phase might represent a link be-
tween the most immediate descendant of SMGs and the
passive population at high redshift. The median stel-
lar sizes and surface densities of our SMGs also occupy
the locus of the most compact local ETGs that therefore
might represent the ultimate descendants of SMG in the
local Universe. However, we caution that ATLAS3P of-
fers only a limited census on the structural properties of
this most massive ETG population, due to the limited
volume probed, which might affect this conclusion. We
also note our comparison does not include any further
structural evolution of SMGs before and after quench-
ing. More specifically, if specific star-formation rate in-
creases towards the outskirts in an ‘inside-out quench-
ing’ scenario — as found by e.g.,Morselli et al. (2018);
Tacchella et al. (2018) — effective sizes increase before
quenching, likely most pronounced for lower-mass sys-
tems. Furthermore, passive evolution of quiescent galax-
ies is suggested to also lead to an increase of effec-
tive size through processes such as minor merging (e.g.,
Naab et al. 2009).

5.2. Are SMGs massive disks or mergers?

The recovered stellar morphologies of our sample of
SMGs are more concentrated when converting rest-frame
optical light into stellar mass (albeit with simplified as-
sumptions on the dust geometry). The effective stellar
sizes of our SMG sample are in good agreement with the
effective sizes of the mass-matched star-forming galaxy
population at z = 2. Moreover, the conversion from opti-
cal light to stellar mass for our sample improves the spa-
tial co-location of dust and stellar emission. Therefore,
our findings advise caution when interpreting irregular
and disturbed optical morphologies as massive SMGs un-
dergoing major interactions. We show that dust atten-
uation is likely a major cause for irregular morphologies
and apparent spatial decoupling between the dust (ap-
proximately tracing dust-obscured star formation) and
the stellar distribution. Strong and patchy dust atten-
uation within SMGs (at least partially recovered by our
ML} correction) leads to more irregular morphologies
and might partly explain a trend of an increasing frac-
tion of interacting galaxies with Lig (e.g., Chen et al.
2015; Kartaltepe et al. 2012). Thus, a significant frac-
tion of massive SMGs at high redshift might represent
systems with underlying stellar disks but appear as inter-
acting systems as judged based on their optical morphol-
ogy alone. However, this does not exclude that SMGs
appearing as strongly disturbed systems are undergoing
major galaxy interactions.
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Figure 9: Comparison between the effective radii (left) and surface densities (right) of our SMG sample with local
early-type galaxies from the ATLAS3P survey (Cappellari et al. 2011). The measurements of the submm and stellar
components for our SMGs are shown as blue and red filled circles, respectively. Median values for our entire SMGs are
indicated as stars, with the error bars showing the scatter among our sample. The stellar components of the underlying
population of ATLAS?P galaxies is shown as gray crosses. The effective stellar sizes and resulting surface densities
of quiescent early-types at z = 1.5 derived by van der Wel et al. (2014) are shown as dashed lines, together with the

associated scatter shown as dotted lines. Also shown are rest-frame optical sizes and surface densities of post-starburst

galaxies (PSBs) at 1 < z < 2 as measured by Almaini et al. (2017).

Our exploration of the dependency of the dust versus
stellar morphologies among systems classified as star-
burst galaxies and normal main sequence galaxies has
shown that compact dust cores exist in both of these
populations. Taking the dust emission as a proxy for
dust-obscured star formation, this implies that compact
and centrally concentrated star formation is a common
feature in massive SMGs, irrespective of their overlap
with the main sequence. Major interactions can (at least
in the local universe) be attributed to large main se-
quence offsets (e.g., Matteo et al. 2008), and therefore
the above findings indicate that SMGs undergoing strong
interactions do not necessarily have more compact star-
forming regions than the ones representing secular disks.
This confirms the theoretical expectation that dense
star-forming cores might be the results of both dissipa-
tive contraction during major mergers (Bournaud et al.
2011) and secular inflow of gas in extended disks lead-
ing to the formation of bulges (Dekel & Burkert 2014)
at high redshift. Applying these lines of arguments to
our SMG sample, we interpret our findings as suggesting
that SMGs might not necessarily be indicative of ma-
jor mergers based alone on rest-frame optical morphol-
ogy in combination with compact submm emission (e.g.,

Chen et al. 2015; Hodge et al. 2016). To constrain the
true fraction of SMGs where star formation is triggered
through major galaxy interactions, additional observ-
ables such, as resolved gas kinematics, are required. We
also note that the above conclusions, due to the design of
our sample selection, are only based on the near-infrared
bright SMGs and do not include systems with potentially
strongest dust attenuation in the centers. Thus, this class
of systems might represent a population with different
morphological properties that allow different conclusions
on the triggering mechanisms of SMGs at high redshift.

The compactness of dust emission relative to the
stars in star-forming high-redshift galaxies, not based
on submm selections, has been confirmed by various
studies in the literature (e.g., Tadaki et al. 2017a,b;
Rujopakarn et al. 2016). This seems to suggest that
star formation in massive star-forming systems at high-
redshift is more centrally concentrated compared to lo-
cal star-forming galaxies, where the dust emission is dis-
tributed on similar scales as the stellar disks. This might
in turn plausibly be the consequence of the elevated gas
fractions observed in high-redshift star-forming galaxies,
with fgas reaching 40-60% at z ~ 2 compared to 5% at
z ~ 0 (Saintonge et al. 2017; Tacconi et al. 2010, 2013;
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Daddi et al. 2010; Bothwell et al. 2013; Genzel et al.
2015; Schinnerer et al. 2016; Scoville et al. 2016, 2017),
leading to gas inflow due to disk instabilities (e.g.,
Dekel & Burkert 2014).

6. CONCLUSIONS

We have combined high-angular resolution ALMA
submm + HST/CANDELS observations to investigate
the structural properties of 20 massive (log (M./Mg) =
10.3-11.7) SMGs at 1.7 < z < 2.6. We have exploited
multi-wavelength HST/CANDELS imaging at rest-frame
optical wavelengths to derive robust color-corrected stel-
lar mass distributions for our sources. We have carried
out radial profile measurements on both ALMA imaging
and stellar mass distributions, and related those to the
integrated star-forming properties to shed light on the
formation mechanisms of SMGs at high redshift.

Our main results are the following.

1. By converting the Higp-band distributions of our
sample into stellar mass maps using a correction
for spatial M /L* variations, we find that the stellar
mass is more concentrated than inferred from sin-
gle band rest-optical imaging alone. The centroid
positions of stellar mass spatially coincide well with
those of the dust distribution, with a median offset
of 1.1kpc. This is the case even for sources where
the dust emission appears to be decoupled from the
rest-frame optical light.

2. The effective sizes of our sample, as in-
ferred from their dust emission, are on average
smaller than the sizes of the stellar component
((Re.submm/ Remass) = 0.6 £ 0.2). This size ra-
tio does not change with integrated stellar or
star formation properties, specifically with specific
star-formation rate. Taking the dust emission as
a proxy for dust-obscured star formation in our
sources, our results imply that the SMG popula-
tion at high redshift exhibits centrally concentrated
star formation unlike the average population of lo-
cal spiral galaxies, where star formation is as ex-
tended as the stellar distribution.

3. The comparison of effective stellar sizes and stellar
surface densities to early-type galaxies at z ~ 1.5
suggests that SMGs are consistent in their struc-
tural properties with fading into the passive popu-
lation after the shut-down of star formation.

Our study has demonstrated the importance of de-
riving color-corrected stellar mass maps when inferring
structural properties of SMGs. We have shown that
the underlying mass of SMGs is overall in better spatial
agreement and closer in size compared to the dust emis-
sion than what would be inferred from rest-frame optical

light. The estimated stellar sizes reveal that the dust
emission is on average more compact than the existing
stellar component. This indicates that the star forma-
tion in SMGs is centrally concentrated, which suggests
that it is triggered through different processes than in
star-forming galaxies at the present-day epoch. Finally,
we show that the sizes and densities inferred from our
stellar mass maps are in good agreement with early-type
galaxies at z ~ 1.5 being the descendants of SMGs at
z~ 2.

At present, the employed color-correction when convert-
ing optical light into stellar mass might suffer from sig-
nificant systematic uncertainties in the presence of high
central column densities of dust in SMGs. Further ob-
servations at sufficient spatial resolution covering less
extinction-sensitive infrared wavelengths, provided by
e.g., JWST, will be crucial to determine the underlying
stellar mass of SMGs more robustly. This will ultimately
allow more substantial conclusions on their origin and
evolutionary connections to the local galaxy population.
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APPENDIX

A. DETAILS OF THE CONVERSION
BETWEEN Ji95 - Higo AND M/L}

A.1. Discussion of systematic uncertainties

Here, we discuss the uncertainties of our calibration of
the stellar M /L}; used to derive the stellar mass distri-
butions, and its dependence on redshift. Figure 10 plots
our derived relation between Ji25 - Higo and M/L}; for
the redshift bins 1.7, 2.1 and 2.6, which enclose the range
of redshifts considered for our SMG sample. Addition-
ally, we show the scatter in M/Lj; of our models at given
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color as error bars, alongside with the maximum range
of M/Lj; as colored polygons.

Within the redshift range considered, we find a well-
defined relation between the Jyo5 - Higo color and M/ L}
with errors that lie within 0.2-0.3 dex, depending on both
color and redshift. When selecting our sample, we have
considered a redshift range for which there is optimal
overlap of the J/H-band filters with the age and extinc-
tion sensitive Balmer break, which in turn allows an ac-
curate calibration of M/Lj; with the single observed Jy25
- Higo color. The spread of M/Lj; in the relation of 0.2-
0.3 dex, however, arises due to the remaining degeneracy
of stellar age and extinction in our modeling. As those
are expected to spatially vary smoothly throughout our
sources, which we regard these uncertainties as our er-
ror margin of M/Lj; and therefore of the stellar mass
maps in our analysis. However, we note that these un-
certainties might depend on the exact choice of models
considered. Therefore, we inspect the maximum range of
allowed M /Lj; at given color which provides a conserva-
tive estimate on the systematic uncertainties given that
both star formation history and/or extinction might vary
significantly between e.g., the central regions of SMGs
and their outer regions. More specifically, the maximum
range of M /Ly is determined by the difference between
the most ‘extreme’ possibilities: a less-attenuated young
population (note that we consider a minimum age 20
Myr in our modeling) and a more severely attenuated
older population (with a maximum age that equals the
age of the Universe at given redshift). We find that this
systematic uncertainty shows a range of 0.3 — 0.5 dex at
1.7 < z < 2.5. We note that moderate color and thus in-
ferred M/Lj; gradients of this order for our SMGs within
this redshift window (i.e., 18 out of 19 sources) might not
reflect true variations of M/L};. However, we show that
the more prominent radial color trends are significant
even considering such systematic uncertainties. Consid-
ering our conversion at redshifts beyond z = 2.5, the
systematic uncertainty increases to 0.9 dex, which cau-
tions the inferred color-correction for one sources within
this redshift range (AS2UDS.271.0).

A.2. Inclusion of additional burst models

Next, we discuss the impact of considering models with
additional bursts of star formation to the derived rela-
tion between the Jio5 — Higo color and M/Lj;. To do this
we create a grid of additional model tracks identical to
the ones described in Section 3.1.2; and add a past burst
event with a duration of 100 Myr to the star-formation
history. The additional bursts considered span a range
of ages from 0.1 to 2Gyr, and a range of burst mass
fractions (i.e., the fraction of stellar mass produced dur-
ing the burst compared to the total stellar mass of the
galaxy) ranging from 0 to 90 %.
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Figure All:: (Jigs — Hieo)-M/Lj; relation including models with an additional burst of star formation. The different
panels show the grid of models spanning the redshift range 1.7 < z < 2.6, burst ages ranging from 0.1 to 2 Gyr, and
burst mass fractions from 0 to 90 %. Each panel shows the median relation determined for our fiducial model without a
burst (black lines), and with additional bursts with mass fractions of 50 % and 90 % (red and blue lines, respectively).
The shaded polygons indicate the uncertainties based on the range of allowed M/Lj; of our models at a given color.

Figure 11 plots the (Ji25 — Higo)-M /L7 relation with
the burst models considered in comparison to our fidu-
cial relation without burst (i.e., fpurst = 0) for the red-
shift range spanned by our sample. The plotted error
margins denote the systematic uncertainties discussed in
the previous Section, and are based on the maximum
allowed M/L}; at a given color. The inclusion of past
burst events leads to an overall increase of M/Lj; at a
given Ji95 — Hygo color, which depends on redshift, burst
strength and age. The exception is the scenario of adding
a young (100 Myr) burst component to our models at red-
shift 1.7, in which case the M/L}; decreases within the

systematic uncertainties. Considering moderate bursts
that contribute in equal parts to the galaxy’s mass as
the underlying smooth population, we find that the in-
crease of M/L} is 0.1-0.3dex, and falls within the sys-
tematic uncertainties of our relation. Furthermore, the
increase of M/Lj; leads to a change in only the normal-
ization of our relation. This would imply that merely the
normalization of our inferred mass maps would be most
affected by past bursts, rather than the shape and sizes
of the stellar mass component.

Only when considering past burst events that largely
dominate the stellar mass of the galaxy at z > 2.1 and are



of ages > 1 Gyr (corresponding to a formation redshift
of z ~3.0-4.2 for our models at z=2.1 and 2.6, respec-
tively), we find that the relation can change both in slope
and normalization, exceeding the systematic uncertain-
ties. Depending on burst mass fraction and redshift, this
change can reach up to 0.8 dex at a given Ji25 — Higo
color. Such larger offsets occur exclusively at blue colors,
Ji25 — Higo < 0.5, and represent a scenario in which the
past burst event makes up a large portion of stellar mass
and is dominated in brightness by a young population of
stars largely unattenuated. Inspecting our Jyo5 — Higo
color distributions, we find that such blue colors are on
average observed at larger radii (~ 10kpc) within our
sources. However, we expect that a strong past burst,
originating from a dissipative collapse of gas, resides in a
compact configuration within the centers of our sources.
Thus, we speculate that such situations, in which the
inferred M/Lj; is strongly underestimated due to a past
burst, is very unlikely to affect the M/L}; and mass maps
of our sample. Thus we conclude that the aforementioned
systematic offset of M/L}; due to more moderate bursts
might lead to an additional systematic uncertainty in our
relation, although it does not exceed the uncertainties al-
ready considered.
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