INAF

ISTITUTO NAZIOMNALE

2 ASTROFISICA

MATIRAL INSTITLITE
FOR ASTROFHYSICS

Publication Year

2017

Acceptance in OA

2020-08-31T07:53:35Z

Title ALMA constraints on star-forming gas in a prototypical z = 1.5 clumpy galaxy: the dearth of
CO(5-4) emission from UV-bright clumps
Authors Cibinel, A., Daddi, E., Bournaud, F., Sargent, M. T., leFloc'h, E., Magdis, G. E., Pannella, M.,

Rujopakarn, W., Juneau, S., ZANELLA, ANITA, Duc, P. -A., Oesch, P. A., Elbaz, D., Jagannathan,
P., Nyland, K., Wang, T.

Publisher's version (DOI)

10.1093/mnras/stx1112

Handle

http://hdl.handl e.net/20.500.12386/26981

Journal

MONTHLY NOTICES OF THE ROYAL ASTRONOMICAL SOCIETY

Volume

469




MNRAS 000, 1-25 (2017) Preprint 24 September 2018 Compiled using MNRAS IATEX style file v3.0

ALMA constraints on star-forming gas in a prototypical z=1.5 clumpy
galaxy: the dearth of CO(5-4) emission from UV-bright clumps

A. Cibinel,** E. Daddi,? F. Bournaud,> M. T. Sargent,! E. le Floc’h,> G. E. Magdis,>*
M. Pannella,> W. Rujopakarn,®’ S. Juneau,” A. Zanella,® P-A. Duc,? P. A. Oesch,’
D. Elbaz,> P. Jagannathan,!® K. Nyland,!! and T. Wang?

! Astronomy Centre, Department of Physics and Astronomy, University of Sussex, Brighton, BN1 9QH, UK

2CEA Saclay, DSM/Irfu/Service d’Astrophysique, Orme des Merisiers, F-91191 Gif-sur-Yvette Cedez, France

3Dark Cosmology Centre, Niels Bohr Institute, University of Copenhagen, Juliane Mariesvej 30, DK-2100 Copenhagen, Denmark

4 Institute for Astronomy, Astrophysics, Space Applications and Remote Sensing, National Observatory of Athens, GR-152386 Athens, Greece
3 Faculty of Physics, Ludwig-Mazimilians University, Scheinerstr. 1, 81679 Munich, Germany

S Kavli Institute for the Physics and Mathematics of the Universe (WPI), The University of Tokyo Institutes for Advanced Study,
The University of Tokyo, Kashiwa, Chiba 277-8583

7 Department of Physics, Faculty of Science, Chulalongkorn University, 254 Phayathai Road, Pathumwan, Bangkok 10330, Thailand
8 Buropean Southern Observatory, Karl Schwarzschild Strafe 2, 85748 Garching, Germany

9 Geneva Observatory, Unwversité de Genéve, Chemin des Maillettes 51,1290 Versoiz, Switzerland

10 National Radio Astronomy Observatory, 1003 Lopezville Road, Socorro, NM 87801, USA

I National Radio Astronomy Observatory, Charlottesville, VA 22903, USA

Accepted XXX. Received YYY; in original form ZZZ

ABSTRACT

We present deep ALMA CO(5-4) observations of a main sequence, clumpy galaxy at
z=1.5 in the HUDF. Thanks to the ~0”'5 resolution of the ALMA data, we can link
stellar population properties to the CO(5-4) emission on scales of a few kiloparsec. We
detect strong CO(5-4) emission from the nuclear region of the galaxy, consistent with

the observed LIR*LéO(S_ 5 correlation and indicating on-going nuclear star formation.

The CO(5-4) gas component appears more concentrated than other star formation
tracers or the dust distribution in this galaxy. We discuss possible implications of this
difference in terms of star formation efficiency and mass build-up at the galaxy centre.

Conversely, we do not detect any CO(5-4) emission from the UV-bright clumps.
This might imply that clumps have a high star formation efficiency (although they
do not display unusually high specific star formation rates) and are not entirely gas
dominated, with gas fractions no larger than that of their host galaxy (~50%). Stellar
feedback and disc instability torques funnelling gas towards the galaxy centre could
contribute to the relatively low gas content. Alternatively, clumps could fall in a more
standard star formation efficiency regime if their actual star-formation rates are lower
than generally assumed. We find that clump star-formation rates derived with several
different, plausible methods can vary by up to an order of magnitude. The lowest
estimates would be compatible with a CO(5-4) non-detection even for main-sequence
like values of star formation efficiency and gas content.

1703.02550v2 [astro-ph.GA] 8 Jun 2017
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1 INTRODUCTION targeted highly luminous starbursts (SBs) or quasars (e.g.
Frayer et al. 1998; Greve et al. 2005; Riechers et al. 2006;
Maiolino et al. 2007), we are now able to build samples of
normal, main sequence (MS) galaxies with integrated mea-
surements of their CO content out to redshift ~2.5 (Daddi
et al. 2008, 2010a; Genzel et al. 2010; Geach et al. 2011; Tac-
coni et al. 2010, 2013; Bauermeister et al. 2013; Daddi et al.
* A Cibinel@sussex.ac.uk 2015). Such studies have demonstrated that MS galaxies at

Improvements in sensitivity of sub-millimetre (sub-mm) in-
terferometers over the past decade have enabled studies
of the molecular gas content at galactic scales to reach
very high redshifts. While the first measurements typically
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z =~ 2 exhibit large molecular gas fractions (=50% of the bary-
onic mass, Daddi et al. 2010a; Tacconi et al. 2010), which can
drive disc fragmentation and generate the giant star-forming
clumps (Noguchi 1999; Bournaud et al. 2007; Agertz et al.
2009; Dekel et al. 2009) that characterize the complex mor-
phologies often observed at these redshifts (Elmegreen et al.
2007; Bournaud et al. 2008; Forster Schreiber et al. 2009;
Guo et al. 2012). Conversely, resolved studies of the molecu-
lar gas at high redshift are still in their infancy and, although
there have been few attempts to probe normal galaxies (e.g.
Genzel et al. 2013; Aravena et al. 2014), current works have
typically focused on the SB tail of the galaxy population due
to observational challenges (Carilli et al. 2010; Swinbank et
al. 2011; ALMA Partnership et al. 2015; Hatsukade et al.
2015; Thomson et al. 2015).

Molecular gas observations of clumpy, MS galaxies at
scales comparable to the giant star-forming clumps (stel-
lar masses of 108°Mg and sizes of 0.1-1kpc), in particular,
could offer important clues on the physical processes gov-
erning galaxy evolution. Migration of the clumps towards
the galaxy centre and the torques they generate could play
an important role in regulating bulge formation, black hole
feeding and quenching of star formation in high redshift
galaxies (Dekel et al. 2009; Martig et al. 2009; Gabor &
Bournaud 2013; Zolotov et al. 2015). Clump lifetimes and
consequently the impact of clump-driven dynamical pro-
cesses are however determined by the interplay of stellar
feedback, gas accretion from the surrounding discs and effi-
ciency of star formation (Krumholz & Dekel 2010; Bournaud
et al. 2014; Mandelker et al. 2017). Strong radiative feedback
and stellar winds could disrupt the clumps before they can
reach the galaxy centre and significantly contribute to black
hole or bulge growth (e.g. Hopkins et al. 2012; Genel et
al. 2012). Powerful outflows are observed in high-z clumps
(Genzel et al. 2011; Newman et al. 2012), but theoretical
works have shown that clumps can survive these outflows if
they are able to re-accreate gas from the surrounding disc
(Bournaud et al. 2014).

Our observational knowledge of the molecular gas reser-
voirs in high-z clumps and how these compare with their
host galaxies is, however, still limited. In particular, it is
not known whether the star formation efficiency in these gi-
ant clumps is similar to that seen in normal galaxies falling
on the Schmidt-Kennicutt relation (Schmidt 1959; Kenni-
cutt 1998b), or instead they display shorter time-scales for
molecular gas consumption. Indirect evidence presented in
Zanella et al. (2015) for a <10 Myr old clump suggests a
high star-formation efficiency, similar to that observed in
SB galaxies/SB nuclei, during the early stages of clump for-
mation. Other studies find depletion time-scales of the order
of ~ 2 Gyr for unresolved ensembles of clumps (Freundlich et
al. 2013), i.e., similar efficiencies as those observed in normal
local galaxies and galactic regions (Bigiel et al. 2008, 2011).
More observations are therefore necessary to discriminate
among different scenarios.

Among the tracers of the different phases of molecular
hydrogen (H;), the CO(5-4) transition is particularly ad-
vantageous for studying star formation occurring in a dense,
clumpy medium. Excitation of the high-J CO transitions re-
quires H, number densities of order 1045 cm™3 (Solomon
& Vanden Bout 2005; Carilli & Walter 2013; Greve et al.
2014), which are much more similar to the densities reached

in star-forming cores of molecular clouds than the critical
densities of lower J transitions (Bergin & Tafalla 2007). A
single, linear correlation between line luminosity, LéO(S— 4y
and total infrared (8-1000um) luminosity, Lyg, holds for nor-
mal and SB galaxies both locally and at high redshift (e.g.,
Bayet et al. 2009; Greve et al. 2014; Daddi et al. 2015; Liu
et al. 2015). This has been interpreted as evidence that the
CO(5-4) line is a good tracer of the gas actually undergo-
ing star-formation, irrespectively of the host galaxy proper-
ties. Moreover, the numerical simulations of Bournaud et al.
(2015) demonstrated that giant star-forming clumps could
be responsible for highly excited CO spectral line energy dis-
tributions (SLEDs) as observed in MS, high-redshift galax-
ies, suggesting that this transition is indeed a good tracer
of dense gas within the giant clumps. Further evidence for
this was presented by Daddi et al. (2015) who attempted
a decomposition of the CO SLED of a high redshift galaxy
into the emission from a diffuse component and emission
originating from a clump-dominated region and found the
latter to display higher excitation, with a SLED plausibly
peaking at the CO(5-4) transition. Finally, the CO(5-4) line
is much brighter and hence more easily observable at high
redshift than other tracers that produce a linear correlation
with star formation rate (SFR), e.g., HCN (Gao & Solomon
2004).

In this paper we present ~0"’5 Atacama Large Millime-
ter/submillimeter Array (ALMA) observations of the CO(5-
4) transition in a z=~1.5 MS galaxy in the Hubble Ultra
Deep Field (HUDF) area (Beckwith et al. 2006). The target
galaxy, UDF6462 (Bournaud et al. 2008), is a clumpy disc
galaxy, enabling us to study the molecular content during
this crucial phase for galaxy formation. With more than 4h
integration time, our observations reach a continuum sensi-
tivity that is roughly a factor of 2-3 times deeper than other
studies of the HUDF covering a similar wavelength range
(but extend over a much larger area, e.g., Dunlop et al.
2017; Walter et al. 2016).

The paper is organized as follows: in Section 2 we de-
scribe the properties and available data sets for the clumpy
disc galaxy UDF6462. Clump identification and properties
are discussed in Section 3. Our new ALMA observations are
presented in Section 4 and the results obtained from these
data discussed in Section 5. We summarize our findings in
Section 6. Throughout this paper we use magnitudes in the
AB system (Oke 1974) and a Chabrier initial mass function
(IMF, Chabrier 2003). When necessary, measurements for
comparison samples are converted accordingly. Our defini-
tion of stellar mass correspond to the actual mass in stars,
i.e., it is corrected for the fraction that is returned to the
interstellar medium (ISM) by evolved stars and differs from
the integral of the star formation history (SFH), sometimes
used in the literature. We adopt a Planck 2015 cosmol-
ogy (Qn=0.31, Q;+Q,, =1 and Hy=67.7kms™! Mpc,
Planck Collaboration et al. 2015).

2 UDF6462: ANCILLARY DATA AND
INTEGRATED PROPERTIES

For our analyses we use a number of ancillary multi wave-
length datasets available for UDF6462, including Hubble
Space Telescope (HST) imaging at ~kilo parsec resolution,

MNRAS 000, 1-25 (2017)



Table 1. Physical properties of UDF6462. The rows are: (1) and
(2) celestial coordinates. Coordinates marked with the { sym-
bol are corrected for the astrometric offset discussed in Appendix
B; (3) optical spectroscopic redshift; (4) integrated stellar mass
from 3D-HST (Skelton et al. 2014); (5) total IR luminosity de-
rived through fitting of the IR SED; (6) integrated SFR derived
from the total IR luminosity and applying the Kennicutt (1998)
Lir-SFR relation; (7) SFR estimated from the VLA 5cm (6GHz)
observations of Rujopakarn et al. (2016), (8) integrated SFR de-
rived from the UV luminosity with no dust extinction correction;
(9) CO(5-4) velocity integrated line intensity; (10) CO(5-4) line
luminosity; (11) observed 1300 um continuum flux density from
the ALMA observations; (12) integrated gas mass inferred from
the IR SED fitting; (13) molecular gas mass (nuclear region) de-
rived from the CO(5-4) line luminosity.

RA (deg, J2000) 53.18172
53.18176"

Dec. (deg, J2000) —27.78298
—27.78308"

Zspec 1.570
log(My /M) 10.41+0.15
Lir (101°L¢) 33+9
SFRir (Mo /yr) 3349
SFRradio (MO/yr) 43£7
SFRuyy (Mg /yr) 3.4+0.5
Ico(s-4) (Jy kms™) 0.308+0.055
Lios_g) (10° Kkms™ pe?) 1.650.39
Seont (1Jy) 106.7+26.2
Mgys (IOIOMG) 20i?i
M1, (1019M) 1.9+1.6

infrared (IR) observations from the Spitzer and Herschel
satellites and radio maps obtained with the Karl G. Jansky
Very Large Array (VLA). We describe in detail these data
in the following section. The main physical properties for
UDF6462 are provided in Table 1.

2.1 Multiwavelength data

In selecting our target we aimed to observe a typical, clumpy
high redshift galaxy while maximizing the amount of ancil-
lary data supporting the interpretation of the ALMA ob-
servations. UDF6462 is located within the HUDF area and
hence has been observed by several spectroscopic and photo-
metric surveys. Moreover, its morphological and stellar pop-
ulation properties have also been investigated by a number of
other studies in the the literature (Elmegreen & Elmegreen
2005; Bournaud et al. 2008; Guo et al. 2012).

Spectroscopic redshifts for UDF6462 were measured
from the 3D-HST grism data (Momcheva et al. 2016), from
the FORS2 follow-up of the Great Observatories Origins
Deep Survey South (GOODS-S) field described in Vanzella
et al. (2008) and from the SINFONI observations of Bour-
naud et al. (2008). All measurements are consistent with a
Zspec = 1.570.

Extremely deep HST observations in the UVs75, UVs3g,
Byzs, Veoe, 1775+ i814, 2850, Y105: J125, J140 and Hyeo filters
are available from the Ultraviolet Hubble Ultra Deep Field
(UVUDF), HUDF and Cosmic Assembly Near-infrared Deep
Extragalactic Legacy Survey (CANDELS) surveys and other
follow-up campaigns (Beckwith et al. 2006; Teplitz et al.
2013; Bouwens et al. 2011; Ellis et al. 2013; Grogin et al.
2011; Koekemoer et al. 2011). In this paper, we specifically

MNRAS 000, 1-25 (2017)
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use By3s5 to Higo data extracted from the eXtreme Deep Field
(XDF) obtained combining all of the available observations
in this area and reaching a limiting magnitude of ~30 AB
mag (Illingworth et al. 2013). The UV,75 and UVs3¢ images
are extracted from the Hubble Deep UV (HDUV) data re-
lease (Oesch et al. 2017, submitted), which includes the v2
release of the UVUDF data base (Rafelski et al. 2015). The
HST stamp images and colour maps of UDF6462 are shown
in Fig. 1.

Near- to far-infrared (FIR) coverage at wavelengths be-
tween 3.6um and 500um is also available from the Spitzer,
GOODS-Herschel and Herschel Multi-tiered Extragalactic
Survey (HerMES) surveys (Dickinson et al. 2003; Elbaz et
al. 2011; Oliver et al. 2012). At these long wavelengths source
confusion becomes severe and flux deblending is necessary.
Our mid-IR and FIR photometry of UDF6462 is based on
new, improved deblending algorithms (see (Liu et al. 2017),
for fluxes at A4 <250 um and Wang et al., in preparation,
at 4>250 um). At even longer wavelengths, 073 x 076 reso-
lution observations of the radio synchrotron emission were
obtained from the VLA C-band (6GHz, ~5cm) survey de-
scribed in Rujopakarn et al. (2016).

Finally, maps of He, [NII] and [SII] emission and the
velocity field in UDF6462 were derived from the SINFONI
integral-field spectroscopic observations presented in Bour-
naud et al. (2008). Together with providing a kinemati-
cal classification of UDF6462, these data also enabled the
derivation of gas-phase metallicities in different regions of
the galaxy and thus provide important constraints on the
CO-to-H, conversion factor (ecg) in UDF6462 (see Sec-
tion 5.3).

2.2 Integrated stellar mass and star formation
rate estimates

For the integrated stellar mass of UDF6462 we adopt the
value of log(Mx /M) =10.4 published by the 3D-HST team
and derived from the multiwavelength photometric cata-
logue (UV to NIR) of Skelton et al. (2014). Independent
spectral energy distribution (SED) fits that we performed
using the Guo et al. (2013) CANDELS catalogue and differ-
ent sets of stellar population models yielded consistent re-
sults within 0.15 dex (Pannella et al. 2015). In the following
we will take this value to represent the typical uncertainty
on the stellar mass of UDF6462.

Thanks to the exquisite multiwavelength data sets avail-
able, we can calculate the integrated SFR of UDF6462 us-
ing different approaches. Our fiducial estimate of the dust-
obscured SFR is obtained by fitting the IR (3.6um to 350um)
and radio photometry of UDF6462 with the Draine & Li
(2007) models, following the approach described in Magdis
et al. (2011, 2012). In performing this fit, we included the
continuum flux measurement at 1300wm derived from the
ALMA data presented in Section 4.3, while we did not use
the 500um data point due to uncertain deblending for this
galaxy even in our improved photometric catalogues. The
best-fitting IR-model is shown in Fig. 2. It returns a total (8-
1000 um) IR luminosity of Lig= (33+9)x10'Le, correspond-
ing to an SFRg = (33 +9) Moyr~! when using the Kennicutt
(1998) Lig to SFR conversion factor for a Chabrier IMF.
Very similar results (within ~0.1 dex) are obtained when
fitting the SED using other commonly used codes (e.g., LE-



4 A. Cibinel et al.

clump position
UDF6462

UDF6886
z:1.42

UDF6911
z:2.07

Figure 1. From left to right and top to bottom: UDF6462 com-
posite bazs — z350 — Hieo image from XDF without (left) or with
(right) highlighting the position and size of the clumps identi-
fied in Section 3 (white circles with red numbers); (bazs — zg50)
colour map and (zgso — Higp) colour map. Two other galaxies at
a different redshift are also indicated in the top left panel. Axis
coordinates are offsets relative to the phase centre of the ALMA
observations.

PHARE or MAGPIES, Arnouts et al. 1999; da Cunha et al.
2008) and different sets of IR templates (Chary & Elbaz
2001; Dale & Helou 2002).

From the HST data we can furthermore de-
rive the wunobscured component of the SFR. Us-
ing the UVszg and Byzs band observations, we cal-
culate a dust-uncorrected, rest frame UV luminos-
ity of Lyy(1500)=(5.1+£0.1)x10% ergss™!Hz~! and a
SFRyy = (3.4+0.5) Moyr~! using the relation between
UV luminosity and SFR in Daddi et al. (2004), con-
verted to a Chabrier IMF. Combining the IR and UV
estimates, we obtain a total star formation rate of
SFRyt = SFRig + SFRyy = (37 +9) Moyr~ L.

Finally, we can also derive an extinction-free SFR from
the VLA C-band observations of Rujopakarn et al. (2016).
The radio map of UDF6462 is presented in the top right
panel of Fig. 3, showing clear radio emission from the galaxy
central region. The 6GHz flux density of UDF6462 was
measured following the Gaussian fitting approach with the
PYBDSM software described in Rujopakarn et al. (2016).
To recover extended emission, the fitting was performed on
several tapering scales and the one maximizing the signal-
to-noise ratio (SNR) was chosen as the optimal one for
source extraction. With this method we obtained a total flux
density of Sggy, =(3.9+0.6) uJy with a SNR=6.6 and ex-
tended over a Gaussian with beam-deconvolved full width at
half-maximum (FWHM) of (0785+0723)x (0742 +0709).
This flux density corresponds to a rest-frame luminosity at

log,o(F,[mJy])
|

10 100 1000 10000
)\observed [/J'm]

Figure 2. Observed IR/radio SED of UDF6462 (red circles with
error bars) obtained combing the Spitzer/Herschel photometric
data points at 2 <350um with the flux density measured from the
ALMA continuum image at A ~ 1300um (Section 4.3, shown as
green point) and the ~5cm radio flux from the VLA observations
of Rujopakarn et al. (2016). The thick black line shows the best-
fitting Draine & Li (2007) model derived in Section 2.2, with the
stellar contribution included (green dash-dotted line). The blue
dashed-dotted and orange dashed lines are the contributions from
the diffuse ISM component and the photodissociation regions,
respectively (see Magdis et al. 2011, 2012 for a discussion on the
fitting technique and components).

1.4GHz of
4nDy 4nDy 6\9
L _— = —S um 1
1.4GHz QT+l 1.4GHz Q1+l 6GH2(1.4)( )
= (1.35£021)x 10WHz !, (2)

when assuming a radio power law S, «cv™® with ¢a=0.7
(Condon 1992). We then applied the radio luminosity to
SFR conversion in Bell (2003), which for a Chabrier IMF
implies an SFRyqgio = 3.18X10722L 461, = (43 £ T)Moyr~!.
The C-band flux corresponds to a logarithmic IR to radio

flux ratio gir =log (375&%) —log (%) =2.40+0.16,
i.e., UDF6264 lies within the scatter of the observed local
IR-radio correlation (gr ~2.6+0.3, e.g., Yun et al. 2001; Bell
2003).

To summarize, SFR values derived from IR4+UV and
radio data are consistent within their uncertainties. For the
reminder of the paper, we will thus use the average of the
two measurements, <SFR> = (40+5)Mgyr~!, as our fidu-
cial value for the SFR of UDF6462. With a stellar mass
of log(Mx/Mg)=10.4, UDF6462 is therefore slightly below
(0.3dex) the characteristic mass M* of the mass function
of star-forming galaxies (Ilbert et al. 2013) and lies on the
z=1.5MS (Ams =SFR/ SFRys = 1.2, see also Fig. 6).

2.3 Quantifying the AGN contribution

To understand whether UDF6462 hosts an active galactic
nucleus (AGN) and whether its IR /radio and CO line emis-
sion could be significantly affected by it, we investigate sev-
eral AGN diagnostics, which we present in Fig. 4.

As mentioned above, we estimated the rest-frame
1.4GHz luminosity of UDF6462 to be 1.36 x1023W Hz L. We

MNRAS 000, 1-25 (2017)
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Figure 3. Resolved maps for UDF6462. From left to right and top to bottom: (a) map of stellar mass surface density; (b) SFR surface
density map; (c) map of the SFR density obtained from the VLA 6GHz observations (VLA beam shown as grey ellipse in then bottom
left corner); (d) map of sSFR; (e) E(B —V) dust extinction. All maps presented here, except panel (c), are derived from SED fitting with
CSF history templates; maps obtained for a different set of template can be found in Figure Al. Axis coordinates represent offsets with
respect to the phase centre of the ALMA observations. White circles highlight the position of the clumps (see Figure 1).

note that this galaxy is not detected in the VLA 1.4GHz
maps of GOODS-South published in Miller et al. (2008),
placing a 30 upper limit on the 1.4GHz luminosity(flux) of
2.46 x 103W Hz™! (19.5uJy). Both estimates are below the
threshold of 102*W Hz~!, above which powerful radio-loud
AGNs typically dominate the radio luminosity function (e.g.
Sadler et al. 2002; Smol¢i¢ et al. 2008).

The IR properties of UDF6462 are also consistent with
little contamination from an AGN component. This is shown
in the upper two panels of Fig. 4. In panel (a) in particular,
the IRAC [3.6]-[5.8] and [4.5]-[8.0] colours of UDF6462 place
it in the region dominated by star-forming galaxies according
to the criteria of Donley et al. (2012) which was optimized
for high-redshift galaxies. UDF6264 would be classified as
an AGN according to the original cuts proposed by Lacy et
al. (2004), however it was shown in Donley et al. (2012)
that, especially at high redshift, this selection can suffer
from significant contamination from star-forming galaxies.
The above results are also confirmed by the decomposition
of the IR SED of UDF6462 into an AGN and a star-forming
component, shown in panel (b) of Fig. 4. To perform this de-
composition, we used the AGN SED template of Mullaney

MNRAS 000, 1-25 (2017)

et al. (2011) together with the IR best-fitting template we
obtained in Section 2.2 and the public IDL code decompir for
the fitting!. From this analysis, we obtain an AGN contribu-
tion of ~15% to the total IR luminosity. We note, however,
that from the pure star-forming fit described in Section 2.2
there is no evidence for the need of a second component.
The percentage quoted above therefore likely represents an
upper limit of the AGN contribution to the IR.

X-ray observations of UDF6462 are available from the
4Ms and 7Ms Chandra Deep Field South data of Xue
et al. (2011) and Luo et al. (2017). These data provide
X-ray luminosities equal to Lx(0.5-8keV) = 1.4x10*? ergs™!
and L)((O.E)—?ke\/):1.1><1042 ergs™!. Although these place
UDF6462 slightly above the locus of purely star-forming
galaxies in the Lx-SFR plane (see panel (c) of Fig. 4) the X-
ray luminosity is well below the threshold of 3x10%2 ergs™!
used to identify luminous AGN and UDF6462 is classified
as a normal galaxy in both catalogues.

We can finally also use the stellar mass of this galaxy

! https://sites.google.com/site/decompir/
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Figure 4. Diagnostic plots quantifying the presence of an AGN in UDF6462. (a): Position in the IRAC colour-colour plane. The dotted
grey line corresponds to the original locus of AGNs defined in Lacy et al. (2004) and the solid orange line is the refined criterion
minimizing contamination from star-forming galaxies described in Donley et al. (2012). (b): Decomposition of the IR SED of UDF6462
into a purely star-forming (doted, magenta line) and AGN (dashed, cyan line) component (sum of components shown as thick black
line). The AGN component is modelled with the template of Mullaney et al. (2011); for the star-forming host we have employed the
best-fitting SED obtained in Section 2.2 (see Fig. 2. Best-fit without AGN shown again here as grey line). (c): Position of UDF6462
in the X-ray luminosity versus SFR plane. The shaded light blue and dark blue areas highlight the average relations and scatter for
purely star-forming galaxies derived in Mineo et al. (2014) and Ranalli et al. (2003), respectively (for the latter relation, we use the
parametrization in Mineo et al. (2014) accounting for the conversion of Lx .2-1okev into Lx o.5-gkev). Both relations have been converted
to a Chabrier IMF. The Lx ¢ 5-gkev X-ray luminosity of UDF6462 is taken from the 4 Ms catalogue of Xue et al. (2011). (d): Position of
UDF6462 in the MEX diagnostic diagram of Juneau et al. (2014).

and the [OIII]/Hg ratio measured from the 3D-HST grism From the evidence above, we conclude that UDF6472
spectrum (Momcheva et al. 2016) to find the location of does not host a strong AGN and its radio and IR properties
UDF6462 in the mass-excitation plane of Juneau et al. (2011, can largely be ascribed to pure star formation.

2014) (MEx?). As discussed in Juneau et al. (2014), at
high redshift the dividing line between AGN and normal
star-forming galaxies shifts towards higher stellar masses
with respect to the local relation as a consequence of selec-
tion effects and evolution of the overall galaxy population. 3 GIANT CLUMPS IN UDF6462
When calculating the AGN probability for UDF6264 using
the MEX diagnostic, we therefore imposed a minimum line

flux of 2.1x107 17 ergs~1 cm™2 corresponding to the detection ‘ -
limit of 3D-HST (Momcheva et al. 2016) and allow for the Bournaud et al. (2008), UDF6462 has a velocity gradient
that is consistent with a rotationally supported disc (albeit

disturbed by the presence of some kinematically distinct

The morphology of UDF6264 is characterized by several gi-
ant clumps, as shown in Fig. 1. As extensively discussed in

evolution of the characteristic luminosity, L*. We find that
UDF6462 lies below the limiting line dividing star-forming

galaxies from AGN with a 64% probability that the galaxy clumps at small scales). The complex morphology seen in
could be a purely SF system. the optical/NIR images of this galaxy is thus unlikely to be

the outcome of a merger and can instead be explained with
instability-driven formation of giant clumps, as observed in
2 https://sites.google.com/site/agndiagnostics/home/mex many z>1 galaxies.
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3.1 Resolved maps of physical parameters

Using the available HST photometry spanning the wave-
length range Apest = 1000—-6000, we derived resolved colour
maps and maps of stellar mass, SFR and dust extinction for
UDF6462 following the approach in Cibinel et al. (2015).
The details of the generation of these maps can be found
in Cibinel et al. (2015). Briefly, we performed pixel-by-pixel
SED fitting to all available images, after homogenization of
the SNR and convolution to match the Hjgp-band resolu-
tion. In this work the WFC3 UV,75 and UVss¢ pass-bands
were also included, providing better constraints on dust ex-
tinction and SFR.

In Cibinel et al. (2015) we used a set of Bruzual & Char-
lot (2003) templates with delayed, exponentially declining
SFHs (delayed t-models), but for the purposes of this pa-
per, we preferred to limit our library to templates with a
constant star formation (CSF). It is known that SED fits
in which the SFH and dust extinction are allowed to vary
can result in degeneracies between highly obscured models
and models dominated by an old stellar population. While
this has a limited impact for stellar masses, it can lead to
step-like spacial variations in the SFR maps, especially when
individual pixels are fit independently from the others, as is
the case in our analysis. To minimize such degeneracies, we
therefore decided to fix the SFH and consider the maps ob-
tained with CSF templates as our fiducial estimate. Specif-
ically, we used CSF models with ages between 100 Myr and
2 Gyr and a solar metallicity (in agreement with the estimate
in Bournaud et al. 2008) and corrected for internal dust ex-
tinction assuming a Calzetti et al. (2000) law with E(B - V)
ranging between 0 and 0.9 mag. We note that neither from
the observed (b435 —z850) and (zgsg — Hygp) colours nor apply-
ing the UVJ colour criterion (Williams et al. 2009) on the
best-fitting SEDs is there evidence for a region with little
current star formation in UDF6462, justifying our choice of
a star-forming template.

We also generated a less model dependent version of
the SFR map by applying the Lyy-SFR relation of Daddi
et al. (2004), where the pixel-based UV luminosities were
calculated by interpolating the UVs3g and B35 photometry
and corrected for dust extinction using the E(B — V) versus
(bazs — zg50) relation described in Daddi et al. (2004) and a
Calzetti et al. (2000) extinction curve.

For illustration, we show in Fig. 3 the maps of stellar
mass, SFR and specific SFR (sSFR) derived from the CSF
SED fit, the other versions of these maps can be found in
Fig. Al of Appendix A. When summing up the individual
pixels in the resolved maps calculated via CSF SED fitting,
we obtain a total stellar mass of 10'%-2Mg and an SFR of
40 Mg yr~!, which are in good agreement with the integrated
properties discussed above. The SFR map derived from the
corrected Lyy results in an SFR=26 Mg yr!, suggesting
that we are underestimating the dust extinction in this case.
We further discuss dust extinction in the resolved maps in
Section 3.4 and Appendix A.

3.2 Clump identification

To characterize the location of the clumps, we followed an
approach similar to that outlined in Guo et al. (2012), who
studied clump properties for a sample of galaxies in the
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Figure 5. Clump SFRs (top panel) and masses (lower panel)
calculated from: SED fitting of the clump integrated photom-
etry without background subtraction (orange); SED fitting of
the clump integrated photometry with background subtraction
(black); sum of the pixels in the resolved SFR or mass map ob-
tained from SED-fitting with CSF models (purple); sum of the
pixels in the SFR map derived from the dust-corrected pixel
UV luminosity (cyan, SFR only); GALFIT decomposition (diffuse
galaxy-+clumps) of the mass or SFR map obtained from SED-
fitting with CSF models (blue); GALFIT decomposition (diffuse
galaxy-+clumps) of the SFR map from the dust-corrected pixel
UV luminosity (magenta, SFR only). See Appendix A2 for details
on the different methods. Error bars correspond to the formal un-
certainties in the derived parameters. We show with empty grey
circles the average SFR and masses derived in Guo et al. (2012)
for the four clumps that we have in common with their sam-
ple. Note that, as discussed in Section 3.2, although we visually
confirmed that these clumps are spatially coincident, it was not
possible to verify if they also extend over exactly the same areas
and hence whether their estimates are directly comparable with
those presented here.

CANDELS field, also including UDF6462. Specifically, we
identified as clumps those structures that are brighter than
the underlying galactic diffuse component at the 50 level.
We characterized the diffuse component via both a non-
parametric approach, i.e., by smoothing the galaxy images
with a 4-pixel Gaussian kernel, and by modelling the galaxy
surface brightness with GALFIT (Peng et al. 2002, 2010). In
both cases we subtracted the diffuse component of the galaxy
and run the Source Extractor code (SEXTRACTOR, Bertin &
Arnouts 1996) on the residual image; sources of at least 5
pixels with a residual flux above the 50 level were identified
as clumps. We performed the detection in the by3s, zg50 and
Higyp bands independently. We obtained consistent results
for the three bands (see Fig. A3 in Appendix A2) and us-
ing the two smoothing methods. For easier comparison with
previous works, we use the zgs5q band as the reference, but
our findings do not depend on the exact clump detection
technique that we employ.
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We identified six main clumps in UDF6462 which we
show in Figures 1 and 3 as white ellipses with extents given
by the SEXTRACTOR petrosian radii. The four Northern
clumps (Clump ID 1 to 4) coincide with those described
in the work of Guo et al. (2012)3.

3.3 Clump properties

Table 2 summarizes the clump main physical properties
that we derived from the optical images and resolved maps.
Clump observed sizes are the SEXTRACTOR petrosian radii
calculated on the residual bgsp-band image, after subtrac-
tion of the diffuse component. These radii enclose most of
the clump fluxes in the optical images, as shown by the white
circles in Fig. 1. We also derived intrinsic clumps sizes by fit-
ting with GALFIT the residual bgsg-band image with multiple
Gaussian sources having centres fixed at the clump positions.
Given its petrosian radius (see Table 2), we estimate that
Clump #3 is unresolved at the Hjgp-band resolution and
hence treat it as a point source for the rest of the paper.

To estimate the stellar mass and SFRs of the clumps
we followed a number of approaches, an in-depth discus-
sion of these methods is given in Appendix A. Briefly, the
techniques we explored differ in terms of how the clump
SED fitting is performed (integrated clump photometry ver-
sus pixel-by-pixel from resolved maps), how SFR is mod-
elled/traced (UV luminosity versus CSF templates) and
whether or not a contribution for a galactic diffuse com-
ponent is subtracted. As evident in Fig. 5, the derivation
of the clump physical parameters is affected by systematics
that depend on all these assumptions. While these system-
atics are less important for stellar masses, which typically
agree within a factor of 2-3 for each individual clump, SFR
values can differ by a factor ~ 10 in some of the clumps. We
adopt the average of the different measurements for each
clump as our preferred estimate for its mass and SFR but,
to stress that these can be subject to large uncertainties, we
will show the full range of possible values as error bars in
our plots.

The six clumps constitute on average ~25% and ~10%
of the total star formation and stellar mass in the galaxy, re-
spectively. Depending on the method applied, however, the
contribution to the SFR varies between 10% and 40% and
between 6% and 16% for the stellar mass. The position of the
clumps in the SFR versus mass plane is shown in Fig. 6. We
show for reference the MS of star-forming galaxies as derived
from galaxy integrated properties (using the parametriza-
tion of the MS from Sargent et al. 2014; Schreiber et al.
2015). If this relation holds at the scale of clumps, our clump
sample mostly consists of “MS” clumps, with just one clump
showing somewhat enhanced activity (#2).

In terms of sSFR, clumps in UDF6462 have average val-
ues of the order of sSFR=~2x 107° yr~l ie., a stellar mass
doubling time-scale of 1/sSFR~5 x 108 yr. As mentioned
above, these sSFR are comparable to those measured in MS

3 We note here that no detailed information on the exact coordi-
nates and radii of the clumps is provided in the work of Guo et
al. (2012). Hence, although we visually verified that these clumps
are coincident with theirs, we cannot confirm whether the clumps
also extend over exactly the same areas.

2.0
Sargent+14
Schreiber+15

1.5

1.0

log(SFR/Mgyr™")
(@]
(@)

0.0
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-0.5 Clumps 1]
_1'0.|||||||,H,,,,,” T

8.0 85 9.0 95 10.010.5
log(M/Mo)

Figure 6. Position of UDF6462 and regions within it on the
stellar mass versus star formation plane. Giant clumps are shown
with blue circles annotated with numbers. The point highlighted
with an orange symbol corresponds to the nuclear region and
the brown one to the integrated parameters for the entire galaxy.
The shaded areas indicate the locus and typical scatter of the
MS according to the parametrization of Schreiber et al. (2015)
(dashed) and Sargent et al. (2014) (filled, light grey), extrapolated
down to the clump masses (the original relations were derived for
galaxy masses > 10°Mo).

star-forming galaxies at the redshift of UDF6462, however
are lower than the sSFR that can be attained in the most
massive giant molecular clouds, where a few percent of their
gas masses (~10°Mg) is locked into stars with SFR of the
order of 200—300x 10~ Mg yr~! (e.g. Heiderman et al. 2010;
Lada et al. 2010; Evans et al. 2014), resulting in an approx-
imate doubling time-scale of 1/sSFRx~ 107 yr. As visible in
Fig. 3, the clumps also have typically low to intermediate
dust extinction.

3.4 Nuclear region

At the centre of UDF6462 there is a red nucleus, which dis-
plays a high SFR and very high dust extinction in the re-
solved maps (see Figures 1 and 3). High attenuation towards
the centre of galaxies is commonly found in high redshift
galaxies with masses comparable to that of UDF6462 (e.g.
Nelson et al. 2016). The significant radio emission over this
area in the VLA radio map (see top right panel in Fig. 3), as
well as the results from the ALMA observations we describe
in the next section, are further evidence for this region being
truly star-forming.

The red nucleus is also coincident with the peak of the
mass distribution and is metal enriched with respect to the
rest of the galaxy (Bournaud et al. 2008). Moreover, the GAL-
FIT model of the galaxy Hjgg-band surface brightness distri-

MNRAS 000, 1-25 (2017)
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Table 2. Properties of clumps in UDF6462. Table columns are: (1) clump ID; (2) and (3) celestial coordinates — coordinates marked
with the { symbol are corrected for the astrometric offset discussed in Appendix B; 4) the petrosian semi-major axis calculated using
SEXTRACTOR in the zgs9 band; (5) clump FWHM (major axis) from GALFIT Gaussian fit in the zgso band (clump 3 is best modelled as
a point source); (6) and (7) clump stellar mass and SFR (average of all available estimates described in Appendix A); (8) colour excess
from integrated clump photometry without diffuse component subtraction. The two numbers in the E(B — V) column quote the values
obtained from extinction maps constructed using either SED fitting with CSF models (first value) or the E(B — V) versus (b43s — zg50)
colour relation described in Daddi et al. (2004) and a Calzetti et al. (2000) extinction curve (second value); (9) and (10) (b43s — zgs0) and
(z850 — H160) colours from integrated clump photometry without diffuse component subtraction; (11) upper limit on the CO(5-4) velocity
integrated line flux, Ico(s-4), derived assuming a clump line width of 100 km s7L.

ID RA Dec. SMA  Omajor My SFR E(B-V) (bss —zgs0) (2850 — Higo) Ico(s-4)
(deg, J2000)  (deg, J2000) (") (") log(M/Mo) (Mo/yr) (mag) (mag) (mag) (Jykms™")

1 53.181717 -27.783123 0.19 0.06 8.56+0.12 1.95+1.0  0.26/0.20 0.69+0.13 0.71+£0.12 <0.020
753.181732 -27.783199

2 53.181583 -27.783060 0.30 0.14 8.40+0.29 3.7+1.3 0.29/0.28 1.02+0.13 0.45+0.12 <0.021
753.181599 -27.783136

3 53.181812 -27.782932 0.16 pt.s. 8.69+0.22 0.8+0.3 0.26/0.25 0.89+0.16 1.20+0.12 <0.019
753.181828 -27.783009

4 53.181728 -27.782829 0.29 0.18 8.89+0.14 0.9+0.6 0.18/0.19 0.67+0.13 1.01+0.12 <0.021
753.181744 -27.782906

5 53.181370 -27.783344 0.23 0.25 8.44+0.22 1.3+0.8 0.25/0.19 0.69+0.16 0.75+0.16 <0.021
753.181385 -27.783421

6 53.181408 -27.783510 0.29 0.31 8.73+0.19 1.0+0.4 0.11/0.11 0.32+0.13 0.74+0.13 <0.025
753.181423 -27.783587

bution yields a fairly concentrated profile with a Sérsic index
of n=2.5+0.1. A GALFIT fit to the mass maps results in a
similarly high index of n =3.0 £0.1. The above properties are
suggestive of a forming bulge, still hosting a non-negligible
amount of (obscured) star formation (see also discussion in
Bournaud et al. 2008).

We note that in the work of Guo et al. (2012) a clump
has been identified in this region (number 1, in their fig. 1).
We also find some evidence for a clumpy structure (see e.g.,
Fig. A3) that is slightly shifted eastward with respect to the
centre of mass and the reddest peak in the (by35 — z850) and
(z850 — Higo) colour maps, although it is not as prominent at
the other clumps. It is possible that towards the centre of the
galaxy a young clump in the foreground overlaps with the
central mass concentration. However, given the complexity
of the galaxy in this area, we do not attempt a separation
of these two components and instead we will consider the
region as a whole and refer to it as the “nuclear region” from
now on.

Due to the high dust extinction, SED-based SFR es-
timates for this region vary strongly depending on the as-
sumed SFH and are consequently subject to large uncertain-
ties. However, the high-resolution VLA observations, which
are not affected by dust obscuration, enable us to derive
more robust SFRs and also to quantify systematic biases in
the SFR map from the SED fitting. A comparison of the
SFR surface density over the nuclear region as derived from
the radio observations and the resolved maps is presented
in Appendix A. We find that the SED-based maps result in
shallower SFR profiles and underestimate the SFR in the
nuclear region by roughly factors of 1.5 to 2.5 depending
on the templates used. For this reason, when considering
the red nucleus of UDF6462, we use the radio image as our
fiducial SFR tracer.

As we discuss in more detail in the next section, the bulk
of the CO(5-4) emission in our ALMA observations origi-
nates from this nuclear region. To be able to directly link its
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SFR and stellar mass to the molecular gas content, we use
the best-fitting Gaussian parameters of the CO map (Sec-
tion 4.2) to define the extent of the nuclear region, instead
of performing the extraction on the zgsy image as was done
for the clumps. The stellar mass of the nuclear region is then
obtained by summing up pixels in the mass map within an el-
lipse of major axis equal to the FWHM of the CO(5-4) Gaus-
sian. The SFR is derived by integrating the radio best-fitting
Gaussian over the width of the CO(5-4) Gaussian. We ob-
tained log(Myx/Me)=9.92+0.13 and SFR = (29 + 9) Mg yr~!
for the nuclear region (orange symbol in Fig. 6).

4 ALMA BAND-6 FOLLOW-UP
4.1 Observations

ALMA Band 6 observations for UDF6462 were carried out
during Cycle 2 with angular resolution ranging from 072
to 076 (Project ID: 2013.1.01271.S, PI: Cibinel). A log
of these observations is provided in Table 3. We config-
ured the first ALMA baseband which contains the red-
shifted CO(5-4) line — observed and rest frequencies equal
10 Vobs = 224.23 GHz and vpest = 576.26 GHz — with a spec-
tral resolution of 0.976 MHz. The other three baseband
were used in Time Division Mode (TDM) mode for con-
tinuum observations. Considering line-free channels in all
four bands, our continuum observations cover 7.4 GHz
and the rest-frame wavelength range Arest ~480-520 um (av-
erage observed wavelength Agps =~ 1300 um). We integrated
for a total of 4.4hr on source, reaching sensitivities of
Ocont = 7.6Jy/beam (natural weighting) for the continuum
and oco(5-4) =0.066mJy/beam over a 100km/s channel
for the CO line. According to the CO(5-4)-IR relation in
Daddi et al. 2015, the 30 line sensitivity corresponds to a
SFR~3Mg /yr~! in an individual resolution element.
Calibration of the ALMA raw data was carried out us-
ing Common Astronomy Software Applications (CASA, Mc-
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Table 3. Summary of ALMA observations for Project ID: 2013.1.01271.S. We provide a record of: date of observations, ALMA configu-
ration, number of 12m antennas and maximum baseline in the given configuration, total on-source integration time, angular resolution

(synthesized beam major axis, natural weighting), average precipitable water vapour (PWYV) during observations and maximum recov-

erable scale.

Date Configuration = Number of antennas  Max. baseline  Time on source  Angular Resolution PWV  Max. Scale
(km) (hr) (arcsec) (mm) (arcsec)
2014 July 18 C34-4/5 32 0.65 0.56 0.65 0.58 8.4
2014 July 22 C34-4/5 33 0.78 0.77 0.42 1.64 8.4
2015 June 06 C34-5 37 0.74 0.77 0.61 0.56 7.8
2015 June 16 C34-5 36 0.78 0.77 0.46 0.58 6.3
2015 August 28 C34-7/(6) 40 1.6 0.77 0.26 175 4.0
2015 August 28 C34-7/(6) 40 1.6 0.77 0.20 1.70 4.0

Mullin et al. 2007) and the standard ALMA pipeline. Imag-
ing of visibilities and the scientific analysis of the data cubes
were instead mostly performed with the GILDAS software
package (Guilloteau & Lucas 2000). To maximize sensitivity,
a natural weighting was used to generate the maps, result-
ing in a synthesized beam of FWHM 6pe,, =07'62Xx0740. The
maximum recoverable scale of our observations is ~4"’.

As we discuss in more detail in Appendix B, there is an
astrometric offset between the ALMA observations and HST
data products on the GOODS-S field that has to be taken
into account when interpreting the data (see also Dunlop et
al. 2017; Rujopakarn et al. 2016; Barro et al. 2016). In this
paper we only refer to HST images which already incorpo-
rate the astrometric correction. However, to allow an easy
identification of the clumps/structures in the optical images
and the comparison with previous studies, we also provide
the uncorrected HST celestial coordinates in Tables 1 and
2.

For reference and comparison of our data with previ-
ous studies, we also provide in Appendix B the ~1300um
integrated fluxes for four other galaxies detected in our con-
tinuum image. Three of these galaxies are in common with
the sample of Dunlop et al. (2017) and Rujopakarn et al.
(2016).

4.2 CO(5-4) line emission
4.2.1 Nuclear Region

The velocity-integrated CO(5-4) intensity map of UDF6462
is shown in Fig. 7. The line emission is concentrated on the
nuclear region and detected at a 10 o significance level (ratio
of the peak line flux to the noise in the intensity map).

We extracted the total CO(5-4) flux associated with
UDF6462 through uv-plane fitting with an elliptical Gaus-
sian model, using the GILDAS task UV_FIT. As initial guesses
for the model centre and size, we assumed the coordinates
of the peak in the optical images and the ALMA syn-
thesized beam, respectively, and let the parameters vary
freely. The fitting was performed over a velocity range
Av=1680kms~! (corresponding to a conservative velocity
interval equal to ~4.5 times the observed line width derived
below). We obtained a velocity-integrated line intensity of
Ico = Sco(5-4)Av =(308.1 + 54.6) mJy km s~!, corresponding

to a line luminosity of:
Liosg = 325x107Scois_aAwgp Di(1+2)7

(1.65 +0.39) x 10° Kkms ™! pc™2

®3)

where vops =224.23 GHz, z = 1.57 and Dp is the luminos-
ity distance in Mpc (Solomon & Vanden Bout 2005). The
estimates above have been corrected for the continuum con-
tribution discussed in Section 4.3. From the best-fitting pa-
rameters, we also find a beam-deconvolved FWHM of the
CO(5-4) emission equal to (0754 £07712) x (0/20£0"13), i.e.,
roughly 2 kpc in radius. This is in good agreement with the
extent of the nuclear region in the optical images.

We derived the CO(5-4) line spectrum of the nuclear
region, presented in the left most panel of Fig. 7, by fitting
the uv-plane with a Gaussian having parameters fixed to
those derived above for the integrated emission. Fitting a
Gaussian profile to this spectrum, we found a line velocity
width of Avpwhm = (394+50) km/s.

4.2.2  Clumps

None of the the six clumps in UDF6462 is instead detected
at the depth of our CO(5-4) map. Individual ALMA chan-
nels at a spectral resolution of 37km/s are shown in Fig. 8.
Even at this high resolution, most of the detected flux is
concentrated over the nuclear region with no substantial
emission clearly associated with the other six clumps. To
further verify this, we extracted individual spectra over the
clump regions by fitting the visibilities with multiple Gaus-
sian sources having centres and FWHM fixed to those de-
rived from the zgsg image in Section 3.3 (similar results are
obtained when modelling the clumps as point sources). In
doing this, it was necessary to remove the contribution of
the central component. For this reason, the extraction was
performed on the residual uv-table obtained after subtract-
ing the best-fitting elliptical Gaussian model for the nuclear
region described above. The obtained spectra are presented
in Fig. 9 and confirm the non-detection of the individual
clumps.

In order to improve the sensitivity and derive the best
possible constraints on the CO content of the clumps, we also
produced a stack of the six clump spectra®. We employed a
mean stacking algorithm, weighted by the flux uncertain-
ties, but consistent results are obtained when performing
median stacking. In the work of Bournaud et al. (2008), it
was shown that UDF6264 is rotationally supported and dis-
plays a significant velocity gradient. For this reason, each
clump is likely to be displaced with respect to the galaxy

4 Consistent results are obtained when performing stacking in the
image plane, rather than on the spectra.

MNRAS 000, 1-25 (2017)
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Figure 7. Left: CO(5-4) intensity map, averaged over channels with significant line emission (above 3 o~ level, shaded grey area in the
right-hand panel). Contours denote the [3, 6, 9]xo levels. Grey crosses highlight the position of the clumps identified in Fig. 1 and the
inset shows the size of the synthesized beam. Cleaning over the galaxy region was performed employing the Schwab variant of the Clark
algorithm and a 0.50 cleaning threshold (MX task, Clark 1980; Schwab 1984). Middle: composite byss — zgso — Higo optical image with
ALMA CO(5-4) contours overlaid. Right: spectrum extracted over the nuclear region through uv-fitting. Velocity offsets are calculated
from the redshifted CO(5-4) line emission. Dotted horizontal lines indicate the 1o~ to 50 noise levels. The red line shows the result of a
Gaussian profile fit. The FWHM of the CO(5-4) line as derived from the fit is provided in the legend. We highlight in blue those channels
with velocities that are within 2 times the best-fitting Gaussian standard deviation.

systemic velocity by an amount that depends on its loca-
tion. Prior to stacking, we thus shifted each spectrum by a
velocity offset determined from the Ha velocity field pub-
lished in Bournaud et al. (2008). To gauge how dependent
the stacking results are on this assumption, we also gener-
ated another version of the stacked spectrum by simply tak-
ing the median of the spectra without applying any velocity
shift. The two stacked spectra are shown in the bottom pan-
els of Fig. 9; in neither do we detect CO(5-4) line emission
clearly associated with the clumps.

We can use the results of the stacking analysis to place
upper limits on the integrated line intensities for the clumps.
To do so, an estimate of the line width for the clumps is
necessary. From the Ha-based velocity dispersion map of
UDF6462 presented in Bournaud et al. (2008), we estimate
velocity dispersions of ~50km/s at the clump positions, re-
sulting in an FWHM of the order 100km/s, which we as-
sume to be the typical clump line width. We note that this
is likely a conservative estimate, as the cold gas component
traced by CO is expected to have a lower velocity disper-
sion than Ha which is more affected by stellar feedback and
outflows. Using this line width and the clump flux uncer-
tainty from the multiple Gaussian fitting performed to ex-
tract the clump spectra, we find that the 30~ upper limits for
the velocity-integrated line intensities of individual clumps
range between Icoes_4)u =19 and 25 mJy km s~1. From the
stacked spectrum and assuming an average clump FWHM
of 0718, we obtain a tighter constraint on the average clump
flux equal to Ico(5-4)ul.stack = 9 mJy km s7h,

Using the upper limit from the stacking analysis, we
estimate that each individual clump on average contributes
less than ~3% to the total CO(5-4) emission in UDF6462,
corresponding to roughly a <18% contribution from all six
clumps. For comparison, we estimated in Section 3.3 that
10 — 40% of the total SFR is in the clumps.
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4.3 Rest-frame 500um continuum

As discussed in Section 4.1, together with the line emis-
sion, our ALMA observations also cover 7.4 GHz of line-free
continuum at a rest-frame wavelength of ~500 um. At the
native resolution, mapping of the continuum visibilities is
noise-dominated. We therefore generated a 1’/ tapered im-
age that is presented in Fig. 10 and displays diffuse emission
centred on the nuclear region of UDF6462 at the ~ 2.50
level. From a uv-plane modelling of the (untapered) visi-
bilities with an elliptical Gaussian we obtain a total flux
density of Scont = (106.7+26.2)uJy. (Note the higher SNR in
the uv-plane, due to the absence of noise effects introduced
by deconvolution algorithms). This estimate of the ALMA
continuum flux was used during modelling of the galaxy IR
SED in Section 2.2 and Fig. 2.

From the uv-fit we infer an intrinsic size of the con-
tinuum emission in UDF6462 of FWHM ~ (2770 +£076) x
(072 +073), fairly noisy but substantially more extended
than the ~ 075 of the CO(5-4) line. To derive an estimate
of the continuum associated with the CO-emitting region
only, we therefore also performed a Gaussian fit with all
parameters, except the total flux, tied to those obtained
above for the CO(5-4) line. This results in a flux density of
(32.1£10.9) uJy. The line luminosity quoted in Section 4.2 is
corrected for this continuum contribution.’

Similarly to what was done in the previous section for
the individual clump CO spectra, we also performed a stack-
ing analysis of the continuum image at the clump positions.

5 We directly subtracted this continuum flux from the line inte-
grated flux derived with the Gaussian fit in Section 4.2. However,
we have verified that the same result is obtained if subtracting
the continuum in the uv space with the ciLbas UV_SUBTRACT
task and then performing the Gaussian fit on the continuum sub-
tracted uv-table. The two methods result in less than 5% varia-
tions in the inferred line luminosity.
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Figure 8. Top: Cleaned CO(5-4) intensity maps in narrow spec-
tral channels of width 37km/s. Central bin velocities with respect
to the galaxy systemic velocity are shown on the top of each
panel. Symbols are as in Fig. 7. Contours denote the [3,4,6]xo
levels. Bottom: as above, but after subtraction of the best-fitting
Gaussian model for the nuclear region.

The clumps remain undetected also in the continuum stack,
implying a 30 upper limit for the average clump continuum
flux density of 12 uJy.

5 RESULTS

We now discuss the implications of the ALMA observations
in terms of the molecular gas content and scaling relations
for different regions in UDF6462.

5.1 Star formation, cold dust and CO(5-4)
distribution

It is interesting to compare the distribution of dust and star
formation in UDF6462 with that of the dense gas reservoir.
For the SFR, we have independent size estimates from the
optical SFR map and the radio data. As discussed in Sec-
tion 2.2, the radio observations indicate an intrinsic FWHM
(major axis) size of (07’8 + 0! 23). Although analytical mod-
elling of UDF6462 is made difficult by its complex structure,
a GALFIT Sérsic or Gaussian fit to the SFR map consistently
results in star formation extending over a half-light diame-
ter of ~1”. The Ha intensity map presented in Bournaud
et al. (2008) indicate a similar extent of the star formation.
From the 500um continuum ALMA image presented in Sec-
tion 4.3 we also infer a significantly extended distribution of
the cold dust component over a radius of ~ (270 +076). Con-
versely, from the uv-fitting described in the previous section,
we found evidence for the CO(5-4) emission to be concen-
trated over the central 07/5.

The question arises whether the size of the CO-emitting
region — especially that of a potentially more extended dif-
fuse component — could be significantly underestimated as a
consequence of noise in the observations. To test this possi-
bility, we simulated ALMA observations of UDF6462 using
a sky model generated from the UV-based SFR map, on
which we can verify whether observational biases can result
in artificially small sizes even when the intrinsic CO(5-4)
distribution is as extended as the UV light. While the de-
tails of these simulations can be found in Appendix C, we
mention here that a model directly created from the UV-
based SFR map by applying the SFR-Ljg and LIR'LéO(S— 1
relations (Kennicutt 1998; Daddi et al. 2015) produces ob-
servations with a nucleus that is too faint with respect to
the real data by roughly a factor x 2. Two facts contribute
to this difference: (1) the scatter in the SFR-Lig and Lig-
LéO(S— 8 relations, and (2) the fact that the SFR map derived
from the HST images tends to underestimate dust extinc-
tion in the galaxy centre (see Appendix A and discussion in
Section 3.4). To generate simulations that closely reproduce
the observed properties of UDF6426, we therefore renormal-
ized the input SFR map to match the observed total line
flux over the nuclear region.

We processed the simulated data for the extended
CO(5-4) emission exactly as the real ALMA observations
(channel averaging, uv-plane fitting, etc.), and found that
we were able to recover the intrinsic ~ 1" size of the input
model and its total flux, despite the fact that, just like in
the real data, only the central region was clearly visible in
the simulated images (see Fig. C1 in Appendix C). This was
also confirmed through tapering of the actual CO(5-4) data
which did not reveal emission on larger scales. We interpret
the results of these tests as an indication that the CO(5-4) is
truly more centrally concentrated than other star formation
tracers or dust in UDF6462 and that we are recovering most
of the CO(5-4) emission.

52 L/

CO(5-4) and Ljr correlation

As discussed in Section 1, the CO(5-4) transition is believed
to be a good tracer of the star-forming gas, resulting in an
almost linear CO(5-4)-IR correlation that holds over more

MNRAS 000, 1-25 (2017)
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Figure 9. Spectra of the individual clumps in UDF6462. These
spectra are obtained by simultaneously fitting the uv-plane with
multiple point sources at the clump positions. For this purpose, we
employ the residual uv table in which the emission associated with
the nucleus has been removed. To guide the eye, we show with a
dotted line the zero intensity level. The bottom two rows show
the spectra obtained by median stacking the individual clump
after applying to each spectrum a velocity shift determined from
the Ha rotational velocity field (left) or without any shift (right).
The rotational velocity at each clump position, i.e., the applied
shift, is shown with the dash-dotted grey line in the upper six
panels. The horizontal dashed lines indicate the 1o noise level.

than 5 orders of magnitude and for a variety of systems,
including local galaxies as well as high redshift sub-mm
galaxies. It is thus interesting to verify where the UDF6462
clumps and nuclear region lie on the L;g and LCO(S ) plane.
This is shown in Fig. 11, together with the best-fitting rela-
tions and associated scatter from the works of Daddi et al.
(2015) and Liu et al. (2015). For regions within the galaxy
we do not have a direct measurement of the IR emission,
due to the low angular resolution of the Spitzer/Herschel
IR data. Instead, we use the clump and nuclear region SFR
(from the SFR map and the VLA 6GHz radio observations,
respectively) as a proxy for their IR flux.

The CO(5-4) measurement for the nuclear region places
it on the correlations found in the existing literature. As we
argued in the previous section, we believe that the CO(5-4)
detected over this region likely corresponds to a large frac-
tion of the total CO(5-4) in this galaxy. By assigning to
the CO(5-4) luminosity (measured over the nuclear region)
the galaxy total IR luminosity from the IR-SED fit in Sec-
tion 2.2, we can verify where the entire galaxy would lie if
this assumption is true. This is illustrated with the brown
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Figure 10. Image of the line-free, 1300um continuum of
UDF6462 tapered to a 1” resolution. Contours denote the [2, 2.5]x
noise levels. Grey crosses highlight the position of the clumps
identified in Fig. 1.

symbol, showing that the integrated measurement would be
fully consistent with the typical CO(5-4)-IR relation. At the
depth of our observations, we can only place upper limits on
the molecular gas content in the clumps, either individually
or through the stacking analysis. These limits are consistent
with clumps also lying within the current measurements of
the CO(5-4)-IR correlation.

5.3 Gas mass and star formation efficiency

From the ALMA data, we can derive estimates of the gas
content in UDF6462 using different approaches. We note
that most of the techniques described below effectively yield
a total gas mass (Mgas = Mpo+Mpr), with the exception of
gas masses inferred from the CO(5-4) line emission that cor-
respond to molecular gas only (Mpo = Mu,+Mpe). From
now on we will make the assumption that the molecu-
lar phase dominates the total gas content, i.e., Mgas = Myl
as found observationally and theoretically for high redshift
galaxies (Obreschkow & Rawlings 2009; Daddi et al. 2010a;
Tacconi et al. 2010), and consequently that the different es-
timates can be directly compared without applying any cor-
rection for atomic gas.

5.8.1 Gas mass from sub-mm continuum

The ALMA continuum observations described in Section 4.3
probe the Rayleigh—Jeans tail of the dust emission, enabling
us to constrain the shape of the IR SED and perform the
IR multicomponent fit outlined in Section 2.2 (see Magdis
et al. 2011, 2012 for details on the method). From this fit a
dust mass, My, is calculated and can be converted into a
total (Hy+HI) gas mass, Mg, through a gas-to-dust ratio,
Mgas = 6GDR Maust- We inferred the latter using the dgpr—
metallicity relation in Magdis et al. (2011) and assuming
the average galaxy metallicity to be 12 +1log(O/H)=238.53, as
measured in Bournaud et al. (2008) and expressed in the
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Figure 11. Relation between L line luminosity and SFR
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CO(5-4)
stacking analysis. The shaded areas represent the mean and the
typical scatter of the CO(5-4)-IR correlation discussed in Daddi
et al. (2015) and Liu et al. (2015, accounting for a factor 1.3

conversion between FIR and total infrared luminosity).

that we derive from the

Pettini & Pagel 2004 system. We find a ratio dgpgr =~ 120 for
UDF6462.

The results of these calculations are summarized
in Fig. 12 where we show the position of UDF6462
and regions therein on the integrated Schmidt-Kennicutt
plane (Schmidt 1959; Kennicutt 1998b). From the gas-to-
dust/SED fitting technique we calculated for the entire
galaxy a dust mass of log(Myus/Mo)=2_8.22+0.41 and a
Mgy, gal :2-()):‘11:3 x 10'0Mg, corresponding to a gas fraction
Saas, gal = Magas [(Mgas + Myx)=0.45 and a depletion time-scale
Tdepl,gal = 0.51 Gyr (equivalent to a star formation efficiency
SFE = SFR/Mgas = 1.96 Gyr~1). This depletion time-scale is
in good agreement with those typically found in MS galaxies
with similar masses and redshifts as UDF6462 (e.g. Daddi
et al. 2010b; Tacconi et al. 2010). The MS-like behaviour is
also reflected by an average radiation intensity of (U) =16,
as derived from the IR-SED fitting.

Due to the large point spread function (PSF) of the
IR observations, the full SED approach can only be applied

to the entire galaxy, with no possibility of distinguishing
the individual clumps. However, empirical relations linking
monochromatic continuum fluxes to total gas masses are
available in the literature (e.g. Scoville et al. 2014; Groves et
al. 2015) which we can apply to place an upper limit on the
clump gas mass using the high-resolution, 500 um ALMA
data alone. In particular, using the relation between 500 ym
luminosity and gas mass derived in Groves et al. (2015) and
the clump continuum flux upper limit derived in Section 4.3,
we obtain a 30 upper limit for the gas mass in the average
clump of Mgy ¢ =3.5 X 10°M¢g (light purple symbol in Fig-
ure 12). For comparison, applying the same monochromatic
technique to the integrated galaxy we calculate a total gas
mass of (3.0 + 0.8) x 1019M.

5.8.2  Molecular gas mass from CO(5-4) emission

We can also use the CO(5-4) data to calculate molecular
gas masses, My, for the nuclear region and the individ-
ual clumps in UDF6462. We stress here that the deriva-
tion of the total molecular gas content, to which a more
diffuse component than the dense gas traced by CO(5-4)
could also contribute, involves two steps that are subject to
large uncertainties: the conversion of LéO(5—4) into a CO(1-
0) luminosity (for which an excitation correction Rs; must
be adopted) and the conversion of CO(1-0) luminosity into
molecular mass (for which a specific mass-to-light ratio —
the CO-to-H, conversion factor, aco — must be chosen). To
highlight the systematics involved in this estimate, we carry
out the calculation of My, for a range of plausible values for
Rs1 and acp and show in Fig. 12 the corresponding variation
in Mmol-

For the nuclear region — which, as illustrated in Fig. 6,
has a slightly enhanced sSFR compared to integrated mea-
surements for MS galaxies — we calculated My, employing
either MS- or SB-like excitation correction and acg value. In
the first case, we used an excitation correction Rs; = 0.23 as
derived in Daddi et al. (2015) for normal, MS galaxies at a
similar redshift as UDF6462, together with a roughly Milky
Way aco =4.87Mo/(Kkms™! pc=2). We calculated this con-
version factor by applying the relation between metallic-
ity and aco in Wolfire et al. (2010) and using the galaxy
average metallicity 12 + 10g(0/H)=8.536. For the SB case,
we instead used aco =1 and an excitation correction equal
to Rs; =0.6 as observed in local/high-z SB (e.g. Downes &
Solomon 1998; Magdis et al. 2012; Greve et al. 2014). The
average of these two estimates yield a molecular gas mass
equal to Myl pue = (1.9 = 1.6) X 101904 (shown as a filled
orange circle in Fig. 12; the error bar indicates the spread in
these estimates), corresponding to a gas fraction feas nuc =0.7
in the nuclear region.

As a consequence of the lack of observations of the ISM
at the clump scale, it is unknown which conversion and ex-
citation correction factors should be applied to the clumps.
Consequently, the precise location of the clumps in the

6 This corresponds roughly to a solar metallicity, if we correct for
the offset between the Pettini & Pagel (2004) metallicity system
and other metallicity systems in which Milky Way mass galaxies
have a metallicity in good agreement with the directly measured
solar metallicity value 12 +1log (O/H) =8.66 (Asplund et al. 2005).
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Figure 12. Position of UDF6462 and regions within it on the integrated Schmidt-Kennicutt plane. Left: The brown symbol indicates
the value of My, ga for the entire galaxy derived from the IR SED fitting with the (Draine & Li 2007) models. The filled orange circle is
the molecular gas mass for the nuclear region calculated from the ALMA CO(5-4) data (Mmolnuc). The nuclear region gas mass inferred
from the dynamical analysis is shown as the empty orange square (Mgas,nuc). Turquoise symbols with arrows represent upper limits on the
molecular gas masses of individual clumps calculated assuming aco =2.9Mg/(Kkms™! pc_z) and Rs; =0.6 (Bournaud et al. 2015). The
dark purple point is the average clump gas mass inferred from stacking of the CO(5-4) observations (Mpol,c1). The dotted areas illustrate
how these upper limits would change if Rs; =1 (thermally excited CO(5-4); left-hand edge of dotted region) or Rs; =0.23 (observed for
high-z MS galaxies, Daddi et al. 2015; right-hand edge). The effect of a different aco is shown with the grey arrows in the lower left
corner. The light purple point is the upper limit on the total gas mass obtained from continuum stacking (Mgas,cl)- The dashed line
highlights the locus of MS galaxies as parametrized in Sargent et al. (2014) and the dotted line a factor x10 enhancement in SFE. Thin
grey lines with numbers are lines of constant depletion time (in Gyr). Right: comparison of clump properties in UDF6462 with some
recent literature measurements for resolved regions within galaxies: the young clump in Zanella et al. (2015); clump ensembles over a
~8kpc region from Freundlich et al. (2013) and CO-identified clumps in the sub-mm galaxy of Thomson et al. (2015) (adapted from

their fig. 7 and table 2).

Schmidt-Kennicutt plane is uncertain. There are, however,
predictions from numerical simulations that we can use to
better pinpoint their properties. In the simulations of Bour-
naud et al. (2015) giant star-forming clumps in high-redshift
galaxies are responsible for high-J excitation and have CO
SLEDs that are more excited than their host galaxy, with
a clump excitation corrections of Rs; =0.6. For compari-
son, Rs; values typically found in local (Ultra) Luminous
Infrared Galaxies (ULIRGs) range between 0.4 and 0.8 (see,
e.g., extrapolation from lower-J measurements provided in
Papadopoulos et al. 2012 and the average compilation of this
data in Daddi et al. 2015 giving Rs; ~0.5). A similar range
is observed for high redshift, bright sub-mm galaxies (e.g.,
Rs1 =0.32 in Bothwell et al. 2013 and Rs; =0.83 in Riechers
et al. 2011), whereas Daddi et al. (2015) report a R5; =0.23
in normal, MS galaxies at z=~1.5 and a Rs; =0.08 is mea-
sured for the Milky Way (Fixsen et al. 1999; Carilli & Walter
2013). Moreover, in these simulations giant clumps exhibit
CO-to-Hy conversion factors that are in between those of
merger-induced SBs and normal galaxies we quoted above.
In particular, from fig. 5 of Bournaud et al. (2015) we derive
an aco =2.9M/(Kkm s pc_2) for the clumps.

The upper limits on clump gas masses arising from
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these simulation-motivated choice of parameter (Rs; =0.6
and aco=2.9Mo/(Kkms™! pc’z)) are shown as turquoise
symbols in Fig. 12 and the limit derived from the stacked
spectrum is plotted as the dark purple point. To highlight
the uncertainties on the parameter choice, we illustrate with
the dotted areas how the estimated limits on the clump gas
masses vary for other possible values of Rs;. Similarly, the
effect of variations in the acg is shown with the grey ar-
rows. As shown in the right-hand panel of this figure, our
measurements probe roughly a factor of 10 lower SFR and
gas masses with respect to other observations of resolved
regions in z > 1 galaxies.

Applying the fiducial values of Rs; and aco from Bour-
naud et al. (2015), we find that clumps in UDF6462 have
molecular masses of ~5 x 108My and depletion time-scales
~0.1-0.6 Gyr (SFE in the range ~1.6-6 Gyr~!). Although
some clumps are consistent, within uncertainties, with the
SFR-Mg,s relation of MS galaxies, there is a general ten-
dency for them to be offset from it to higher SFE. This is
especially clear for the stacking analysis, which provides a
limit on average clump depletion time-scale in the range
Tdepl,el = 0.15Gyr (0.1-0.4Gyr for the different choices of
Rs; and acp, see dark dotted area). From the stacking
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we also derive an average clump gas mass of Mg ~2 X
108 M (ranging between 1 — 6 x 108Mg) and gas fraction of
Jeas,c1 = 30% (20-60%). The upper limit on the average Mgys |
of the clumps from the continuum stacking is consistent with
this estimate, but is too shallow to improve the constraints
from the CO(5-4) measurement.

We note that a short depletion timescale/high efficiency
in clumps is not in contradiction with the fact that they do
not display a significant offset from the Léo(5,4)7L1R fol-
lowed by the nuclear region and integrated galaxies (see Sec-
tion 5.2). As discussed in Daddi et al. (2015), while normal
galaxies and high-efficiency SBs display different L(,EO /LIR
ratios when low-J transitions are considered, they have al-
most indistinguishable Léo(5,4)/L1R ratios. This is inter-
preted as an indication that the CO(5-4) transition almost
directly traces the gas phase participating in star formation,
independently of whether the latter proceeds in high a effi-
ciency mode or not.

5.8.83  Dynamically-inferred gas mass

Finally, for the nuclear region we can also infer the gas mass
using dynamical arguments. An approximate estimate of the
dynamical mass in this region can be calculated using either
the isotropic virial estimator (Spitzer 1987):

= 2.0 X 10° Ay ip7COs (4)

50’3}’CO
Mayn,vir(r < rco) = —

or the relation for high-z, clumpy disc galaxies in Daddi et
al. (2010a) which was calibrated on simulations:

(Avpwm/2)* X rco 5)
Gsin?i '

Here the numerical factor accounts for biases affecting the

dynamical mass estimate in these clump-dominated sys-

tems’.

In the equations above, rco=0"27~2kpc is the half
width at half-maximum of the best-fitting Gaussian for
the CO(5-4) emission, Avpwym = 2.35X0y, =394 km /s is the
line velocity width from the Gaussian fit to the integrated
spectrum and we assumed an inclination of i =63 as de-
rived from the dynamical modelling of Bournaud et al.
(2008). We use the average of these two estimates Mgyy(r <
rco) = (5.36+£2.0)x1010 Mg as our fiducial value (the error
represents the range of values spanned by the two ap-
proaches). This is in good agreement with the dynamical
mass of ~ 5 x 10'0 Mg inferred in Bournaud et al. (2008)
within the optical radius. We then calculate an approximate
total gas mass in the nuclear region following an approach
similar to that in (Daddi et al. 2010a; Tan et al. 2014):

Mdyn,high—z(r <rco)=1.3x

Mgyn(r < 1co) = faMx + Mgas(r < rco) + Maark(r < 7co)  (6)

where fy is the the fraction of the total galaxy stellar mass
M, within rcg and Mg, is the dark matter component
within the same radius. We calculated fx from our resolved
mass maps and found it to be fi =~ 0.5. The dark matter

7 This factor was derived within the effective radius by these
authors, but we assume here that the same correction can be
applied to any radius.

contribution is uncertain and we hence derive Mgys as the
average of two extreme assumptions: Mg,k = 0, for a baryon-
dominated nucleus as suggested by recent observations at
z 2 1 (Wuyts et al. 2016), and Mgyx = 0.25Mgy, typically
adopted within the half-light radius of high redshift galaxies
(Daddi et al. 2010a).

From the dynamical considerations above, we infer a
gas mass in the nuclear region of Mgas nuc = 3.33:% X IOIOM@.
Taken at face value, the dynamical and CO(5-4) gas masses
support a picture in which the nuclear region is gas domi-
nated (fgas,nuc >0.5). From the average of the two estimates,
we infer 7geplnuc =1 Gyr.

6 SUMMARY AND DISCUSSION

In this paper we have presented ALMA observations of the
CO(5-4) transition in a clumpy, MS galaxy at z~1.5 and
located in the HUDF field in GOODS-S. Our observations
have a resolution of ~0.5” which enables us to spatially re-
solve the CO(5-4)-emitting regions within the galaxy and
to study the dense, star-forming gas at a scale that is com-
parable to the individual giant clumps which are visible in
HST, rest-frame UV images. Together with the CO(5-4) line
we also probe the underlying, rest-frame 500 yum continuum
tracing the cold dust component and providing constraints
on the total gas reservoir.
We can summarize our results as follows:

(i) UDF6462 displays integrated gas properties that are
fully consistent with its MS-like nature. From the ALMA
continuum observations, we derive a 7gepy a1 ~0.5 Gyr and
a mean radiation field intensity (U) =16, which are within
the observed range of normal, z>1 galaxies. As expected
given its clumpy appearance and as typically observed at this
redshift, UDF6462 has a high gas fraction of fg,g ga1 =0.5.

(if) The bulk of the CO(5-4) emission is cospatial with the
nuclear region of the galaxy, where dust obscured star forma-
tion is taking place (possibly building the bulge component
of the galaxy) and where a central mass concentrations is
present. Calculations based on both the CO(5-4) emission
and dynamical considerations suggest a high gas fraction of
Seas,nue = 0.7 and a Tgep nue ~1 Gyr for this nuclear region.

(iii) The distribution of CO(5-4) line emission in
UDF6462 appears less extended than star formation, as
traced by the UV or radio images, or the distribution of cold
dust, as traced by the ALMA continuum observations. From
the analysis of simulated ALMA observations, we conclude
that this difference is intrinsic and not caused by observa-
tional biases.

(iv) CO(5-4) emission from individual clumps within
UDF6462 is not detected but we can place upper limits on
their CO(5-4) luminosity, either individually or on average,
through a stacking analysis. These limits are consistent with
clumps falling on the common relation between LéO(5—4) and
Lr (or SFR) that holds locally and at high redshift for nor-
mal and SB galaxies.

(v) With the caveat that such a calculation carries a num-
ber of assumptions, we also derived limits for the clump
molecular gas reservoirs using theoretically-motivated con-
version factors. From the stacking analysis we infer a rela-
tively low gas fraction of the order of ~30% at the scale of
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giant clumps, with a plausible range of 20-50%. This is in-
dicative of clump gas fractions that are not higher than that
of their host galaxy and suggests that clumps may not be
gas dominated. It also implies that, for their typical SFR,
the clumps might have a relatively elevated SFE. It is in-
teresting to note that, as opposed to SB galaxies, the high
SFE would be associated to a modest, if any, enhancement
in sSFR, as indicated by the fact that the clumps fall on the
extension of the MS as derived for integrated galaxies (see
Figure 6).

We now conclude by offering possible physical explana-
tions of our findings.

6.1 Scaling relations for giant clumps

The exact position of the UDF6462 clumps in the Schmidt-
Kennicutt plane is uncertain, due to an observationally
poorly constrained clump CO-to-H; conversion factor or ex-
citation correction. However, with reasonable assumptions
for aco and Rs; and taking the clump SFR at face value,
molecular gas reservoirs inferred from the CO(5-4) emission
suggest that clumps in UDF6462 reside in a part of the
Schmidt-Kennicutt plane with shorter depletion times/lower
gas masses, compared to the integrated measurements of MS
galaxies.

The suggested offset from the MS relation could be
interpreted as genuinely high SFE in the clumps (driven
by a high SFR) or, instead, reflect an advanced stage of
gas depletion. In the first scenario, clumps would behave as
‘kiloparsec-scale SB’ within their host galaxies. Previous in-
direct evidence for high-efficiency star formation in clumps
was found in a young, <10 Myr old clump in Zanella et al.
(2015). Freundlich et al. (2013) report a wide range of de-
pletion time-scales for ensembles of clumps (~ 8 kpc scale) in
four massive, z = 1.2 galaxies, with some of the clump ensem-
bles also clearly displaying high efficiencies (see right-hand
panel in Fig. 12). Although for other ensembles the SFE
measurements can be comparable to those typically found
in normal galaxies, we note that, due to the resolution of
their observations, the molecular masses (and SFRs) in these
ensembles will likely contain contributions from different re-
gions within the diffuse galactic disc, which could lower the
measured SFE from that of purely clump-dominated areas.
Our observations instead enable us to single-out clump re-
gions; the range of clump SFEs observed in UDF6462 could
reflect variations in the SFE enhancement during slightly
different stages of their evolution, as seen in numerical sim-
ulations (Zanella et al. 2015).

In the alternative scenario, a high measured SFE could
be related to nearly completed gas consumption, possibly
coupled with efficient feedback quickly removing the gas
reservoir from the clumps. Strong outflows at the clump
scale are seen in observations and simulations (e.g. Genzel et
al. 2011; Newman et al. 2012; Bournaud et al. 2014). Given
the characteristic time-scale of ~100-300 Myr for UV emis-
sion as an SFR tracer, the high SFE might be an artefact
of a time-scale “mismatch” with the CO-emission which is
an instantaneous tracer of the gas content. In this case the
actual SFE towards the end of the depletion process could
be lower than we measure.

Finally, we must also consider the possibility that the
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clump CO(5-4) non-detections and inferred low gas masses
simply reflect uncertainties in their SFR, rather than in-
trinsic gas physics. As we discuss in Section 3.3, there are
systematics that make it difficult to precisely determine the
SFR of clumps from broad-band photometry and the SFR
estimates for individual clumps can vary by up to ~1 dex.
In a scenario in which the clumps effectively have the low-
est plausible star-formation, the upper limits on the clumps
CO(5-4) luminosity and inferred gas masses would be consis-
tent with the SFE and gas fractions typically observed in MS
galaxies, as illustrated by the dotted areas in Fig. 12. The
measurement from the stacking analysis provides a tighter
constraint on the gas deficit, but remains marginally con-
sistent with the SFR-Mgas relation of MS galaxies, once the
scatter of this relation is taken into account.

6.2 Central CO(5-4) emission

The fact that we detect CO(5-4) emission, which traces
the dense molecular phase and hence the star formation,
from the nuclear region in UDF6462 is in agreement with
other studies showing that the absolute SFR profiles of
star-forming, high-redshift galaxies are centrally peaked (al-
though this is not the case for the sSFR). For example, the
analysis of the 3D-HST spectra in Nelson et al. (2016b)
revealed Ha-based star formation surface density profiles
peaking within the inner ~1kpc across the entire MS at
0.7 < z< 1.5. Star formation coinciding with the central stel-
lar mass concentration has also been found in sub-mm and
radio observations of 1<z<3 galaxies (Rujopakarn et al.
2016; Tadaki et al. 2017). While the SFR and CO(5-4) peaks
are coincident, the sSFR inferred from the SED fitting has
formally a minimum over the nuclear region of UDF6462
(but is not as low as in quenched galaxies). As we already
argued before, dust obscuration could affect the UV-based
SFR at the centre of UDF6462 and the intrinsic sSFR profile
could be steeper than measured.

What seems peculiar in UDF6462 is instead the pres-
ence of a CO(5-4) emission that is more centrally concen-
trated than the distribution of other star formation tracers
(radio, UV or Ha) or of the dust continuum emission. Dif-
ferences between the size of star formation and of the CO
emission have been already reported in the literature, al-
though in these works trends opposite to that measured for
UDF6462 were found: low-J CO emission is typically more
extended than star formation or dust continuum, and high-J
transitions trace quite closely the distribution of star forma-
tion (Riechers et al. 2011; Hodge et al. 2012, 2015; Spilker et
al. 2015). We present some possibilities that could explain
our opposite results.

Recent numerical works (Zolotov et al. 2015; Tac-
chella et al. 2016) have suggested that gas-rich, high-redshift
galaxies experience dissipative gas inflow, a so-called “com-
paction” phase, which results in centrally peaked gas pro-
files and eventually leads to formation of a bulge with high
central stellar surface density and to inside-out quenching
of star formation, consistent with the observed structural
properties of passive galaxies (e.g., Wuyts et al. 2011; Gen-
zel et al. 2014; Tacchella et al. 2015; Barro et al. 2016). An
interesting possibility is that we observe a high concentra-
tion in the dense gas distribution (and a small gas content
in the stellar clumps) because we caught UDF6462 during
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this particular phase of nuclear gas funnelling. In this re-
spect, we note that the stellar mass surface density® within
1kpc for UDF6462 is currently £; ~10°Mg kpc=2, i.e. below
the typical central densities of ~109"19Mg kpc=2 observed
in quenched galaxies of a similar mass at z~0 (Fang et al.
2013; Tacchella et al. 2015). Taking at face value the gas
masses inferred in Sections 5.3.2 and 5.3.3 for the central
region and using the CO(5-4) intrinsic source geometry, we
estimate a fraction of about 20-25% of the total gas mass,
i.e. ~6—8x10° Mg, to be within the inner 1kpe. If all of this
gas mass is converted into stars, the central mass density
could reach a quenched-like value of ~10%3 by z < 1.

However, there are a few caveats to this interpretation.
Inferring total gas content from CO(5-4) emission is subject
to the uncertainties discussed in Section 5.3.2 and it is hard
to exclude that a more diffuse, less excited gas component is
present outside the galaxy nucleus in UDF6462. The more
extended distribution of the cold dust component would sug-
gest that this is the case. Moreover, with typical compaction
times of ~0.5-1Gyr (Zolotov et al. 2015) and time-scales of a
few 100 Myr for UV-based SFRs, the window for detecting
a significant difference in the distributions of CO and UV
emission is short.

If we take the extent of the dust distribution as evidence
that the less excited, total gas reservoir is in fact more dif-
fuse than the CO(5-4) component tracing star formation, an
alternative possibility could be that we are observing a ra-
dial variation of the SFR/Mg,s ratio, namely a peak in the
SFE near the galaxy centre. The lower concentration of the
UV- and Ha-based SFR could be a consequence of the sig-
nificant dust obscuration over this region. Interaction-driven
star formation could explain such a behaviour, but the origin
of the enhanced SFE is unclear.

Finally, another potential explanation for our data
could be a radial dependence of the Léo(574)7SFR relation,
caused by changes in temperature, radiation field or stel-
lar and gas density. In nearby disc galaxies, high interstellar
gas pressure leads to an increase of the dense gas fraction
in galaxy centres. As this does not proportionally express
itself in form of a higher SFR, variations of the ratio be-
tween the intensity of dense gas tracers and IR emission
(e.g., LI’_ICN/LIR) are observed between the inner and outer
regions (Usero et al. 2015; Bigiel et al. 2016). The CO(5-4)
peak in the centre of UDF6462 could therefore reflect a more
efficient production of the dense gas phase within this re-
gion, compared to the less dense intra-clump medium. Such
variations may in general contribute to the scatter in the ob-
served LéO(S— 4)7L1R relation (as also evidenced by the fact
that UDF6462 lies on the upper edge of this correlation in
Figure 11). Feedback over the nuclear region could also af-
fect the CO excitation. The presence of a strong AGN was
excluded in Section 2.3, but stellar feedback or past nuclear
AGN activity could have resulted in highly excited gas over
the galaxy centre.

Further observations, tracing different molecular tran-
sitions and species, would be required to discern among the
scenarios discussed above. As our observations have demon-
strated, however, the detection of CO emission from resolved

8 Derived from the GALFIT PSF-deconvolved best-fitting model
for the mass map.

regions in high-z, MS galaxies requires several hours of inte-
gration on a single target even with ALMA, implying that
studying ISM at kiloparsec scales and within clumps in nor-
mal galaxies remains a challenge.
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APPENDIX A: PHYSICAL PROPERTIES
DERIVED FROM RESOLVED HST IMAGING

A1l Comparison of resolved SFR maps

As we have discussed in Section 3.1, we derived several ver-
sions of the SFR and mass maps for UDF6462. We use these
maps to infer physical properties at the clump scale; hence,
it is useful to quantify how sensitive are the inferred param-
eters to the method used for the calculation.

While for the mass maps we obtain very similar results
regardless of the templates employed for the SED fitting (v
versus CSF), not surprisingly larger variations are found for
the SFR maps. We show in figure Al all the available SFR
maps and the associated extinction and sSFR maps. Qual-
itatively, the different maps provide similar global trends
placing most of the SFR over the nuclear region, where also
the dust extinction is peaking, with some activity extending
towards the two Southern clumps (labelled with numbers 5
and 6 in Fig. 1). As mentioned in Section 3.1, the map de-
rived using 7-models is the noisier one, displaying step-like
variations of the SFH between neighbouring regions (see e.g.
clump 5). For this reason, this map is not considered further
for deriving clump properties.

Quantitatively, however, the SFR can vary substantially
at the pixel-to-pixel scale from one map to the other. The
largest differences are observed in the nuclear region as a
consequence of the significant dust extinction in this area. To
understand whether the maps derived from the optical/NIR
HST images can robustly recover the obscured SFR, we
compare in Fig. A2 the SFR density profile from the pixel-
by-pixel SED fitting with that inferred from the VLA, dust-
free radio map. Here we assume that the radio emission is
dominated by star formation with no AGN contribution,
which we argued to likely be the case in Section 2.3 and we
convert the observed radio fluxes profiles to SFR following
the same procedure applied for the integrated galaxy in Sec-
tion 2.2. To perform this comparison, we convolved the SFR
maps, natively at the HST resolution (0”/15), with a kernel
matching the radio beam (6;,4io=0""3 x 076).

Interestingly, as shown in Fig. A2, all SED maps under-
estimate the SFR with respect to the radio within a radius
~ Oradio- This bias is most pronounced for the SFR map de-
rived from the UV luminosity (light green symbols) which
presents SFR that are a factor ~ 2.5 lower than the radio.
However, also in the CSF (and 7) map the nuclear SFR is
underestimated, by a factor ~ 1.5, in spite of the fact that
the sum of the pixels in this map is comparable to the galaxy
total SFR. At radii 2 6pagio, where most of the clumps are
located and the extinction is low, the UV and CSF SFR
maps are instead in better agreement with the radio data
and can thus be used to infer the clump properties.

A2 Clumps at different wavelengths and
estimates of star formation rates and masses

As described in Section 3.2 our identification of the clumps
in UDF6462 is not strongly wavelength dependent. We illus-
trate this in Fig. A3 where we present the residual images
used to identify the clumps in the by35, 7350 and Hjgg. The
six main clumps are clearly visible in all three images and
the identification is not affected by strong colour gradients.
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Figure Al. SED-based SFR and extinction maps for UDF6462. (a) —(c): map of SFR density, sSFR and E(B — V) derived from SED
fitting with CSF history templates; (d)—(f): map of SFR density, sSFR and E(B -V obtained applying the Lyy-SFR and E(B-V) versus
(b43s — zgs50) relations in Daddi et al. (2004); (g)—(i): map of SFR density, sSFR and E(B — V) derived from SED fitting with delayed
7-models. Axis coordinates represent offsets with respect to the phase centre of the ALMA observations. White circles represent the

position of the six clumps as in Fig. 1.

For easier comparison with previous works on this galaxy
and given that clumps have a higher SNR in this band, we
used the zgs( filter as our extraction image.

In determining the photometry and physical properties
of the clumps, one of the major uncertainties is whether
and how to account for the underlying galactic diffuse com-
ponent. Here we followed a number of different approaches
which bracket several assumptions for this contribution.

The first method we employed to estimate clump SFRs
and masses was to perform SED fitting to the UVyy5 to
Hp16o integrated photometry extracted over the petrosian
apertures defined by the white circles in Fig. 1. Clump mag-
nitudes were calculated either by simply summing up the
fluxes in all pixels within the apertures — namely, assuming
that all the emission is associated to the clumps only — or
by subtracting a diffuse component to these fluxes. To mini-
mize model dependencies, we decided to quantify the diffuse
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component by simply taking the average surface brightness
of pixels that are not in the clump regions, as done in Guo
et al. (2012). Given that UDF6462 displays a North-South
colour gradient (see Fig. 1), we calculated the average sur-
face brightness for the four Northern clumps and the two
Southern clumps separately. We then subtracted these esti-
mates, multiplied by the area of the pixels, to the total flux
calculated over the clumps.

Another method was to sum up the pixels in the re-
solved SFR or mass maps over each clump area. This ap-
proach also assumes no contribution from the underlying
galactic diffuse component and hence provides an upper
limit to the actual SFR or mass in clumps.

Finally, we also performed a GALFIT decomposition of
the mass maps and SFR into the galactic and clump com-
ponents. Such a seven components fit (galaxy-+six clumps)
can quickly become very degenerate if left unconstrained.
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Figure A2. SFR density profile of UDF6462 derived from ei-
ther the VLA radio map (purple symbols) or from the different
versions of the SED- or UV-based SFR maps (green symbols, see
figure legend). The average SFR is calculated in running annuli of
width 0.5X60a4i0, Where O,,4i0 is the FWHM size of the radio beam.
The HST SFR maps have been degraded to the VLA resolution
for this comparison.

residuals

2 0 -2 2 0 -2 2 0 -2
SRA. (")

Figure A3. Top: original XDF by3s, zgs0 and Higy images of
UDF6462. Bottom: residual images after subtraction of the GAL-
FIT best-fitting model of the galactic diffuse component (see Sec-
tion 3.2). The six clumps identified in UDF6462 are visible in all
three bands.

To minimize the number of free parameters used in the
fit, we thus applied the following procedure. We first car-
ried out a single Sérsic fit to the mass map masking out
the clump regions and allowing some degree of asymmetry
(first azimuthal Fourier mode in GALFIT). Clumps contribute
only a minor fraction of the galaxy total mass and the mass
map is therefore the closest estimate of the smooth under-
lying component that is available. We then performed the
galaxy+clumps decomposition keeping the basic structural
properties of the underlying smooth galactic component (po-
sition angle, ellipticity and lopsidedness) fixed to those ob-
tained from the single Sérsic fit on the mass map. When
fitting the mass map, all other parameters, except the total
mass, were also kept fixed to the single component solution.
For the SFR maps, we instead allowed the half-light radius
and index n to vary as well, but used the results from the
single Sérsic model for the diffuse component in the mass
map as initial guesses. The clumps were modelled as ellipti-
cal Gaussians (with the exception of Clump #3 which is best
described by a point source). We used the best-fitting Gaus-
sian parameters from the fit to the residual bgsp-band image
described in Section 3.3 as initial guesses and constrained
the Gaussians FWHM to with £50% of the bgsg FWHM.

The results of these calculations are shown in Fig. 5.
For comparison, we also show in that figure the mass and
SFR derived by Guo et al. (2012) for the four clumps that
are in common to their and our sample.

APPENDIX B: OTHER SOURCES IN THE
ALMA FIELD AND ASTROMETRY OFFSET
WITH RESPECT TO HST IMAGING

Together with UDF6462, four other galaxies are clearly de-
tected at a > 30 level in our deep, 1300 ym continuum im-
age. The XDF H-band cutouts of these sources are shown
in Fig. B1 and a summary of their properties is given in
Table B1. Three of these galaxies were also studied in the
work of Dunlop et al. (2017) and Rujopakarn et al. (2016),
enabling us to independently test our flux and size measure-
ment techniques. We find a good agreement between our
estimates and those previously published by these authors,
although we note that UDF1 (and to a smaller extent UDF7)
lies at the edge of the ALMA field of view, making it subject
to noise effects and large primary beam correction. A fourth
galaxy (labelled Ex1) was not previously detected and we
report its 1300 um continuum flux for the first time here.
Near the edge of the field of view of our ALMA observation
falls another galaxy (UDF16) from the sample of Dunlop et
al. (2017). At the reduced sensitivity over this region of the
ALMA map, this source is not detected in our data.

We utilized these four galaxies, plus UDF6462, to
correct the astrometric offset between ALMA and HST
imaging, which we discovered when analysing the ALMA
data. Overlaid on the H-band images in Fig. Bl are
the ALMA contours of either the CO(5-4) emission, in
the case of UDF6462, or the continuum emission for the
other four galaxies. A systematic shift of the HST cen-
troids with respect to the ALMA data is evident in all
cases. This shift is mostly in the North-South direction.
We quantified the magnitude of the offset as the me-
dian difference between the peak coordinates in the Hjgp-
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Figure B1l. XDF Hjg images for UDF6462 (top left) and other four galaxies detected at the > 30 level in the ALMA continuum
image. The HST images have been corrected for the astrometry offset that we found with respect to the ALMA data (correction applied:
ARA =0706 and ADec =-07272). The solid blue lines show 3o, 50, and 90 contours in the CO(5-4) emission for UDF6462 and in the
continuum for the other four galaxies (-30- levels shown as dotted lines). After applying the astrometric correction, we find a good
agreement between the position of the HST and ALMA sources. The location of the ALMA contours prior to the astrometric correction
is shown with the red lines. Coordinates beneath the axis labels correspond to the original uncorrected HST positions. The higher noise
in the ALMA contours for UDF1 and UDF7 reflect the fact that these galaxies are close to the primary beam edge.

band and ALMA images for these four galaxies. We found
that the HST positions are shifted by ARA =-0706 and
ADec =+07"272 with respect to ALMA. We estimate po-
sitional uncertainties for ALMA sources to be given by
Opeam/(SNR)//410g 2 = Opeam/(2XSNR) (Ball 1975; Condon
1997), namely approximately 100, 70 and 40 mas for signal-
to-noise ratios SNR = 3, 5 and 10, respectively. The observed
shift in declination is therefore larger than the ALMA posi-
tional uncertainty.

Inconsistency between HST and ALMA coordinate
systems for the GOODS-S field are a known issue and
were already reported in the literature. In their analysis
of ALMA 1.3mm and VLA 5cm observations, Rujopakarn
et al. (2016) found offsets between ALMA/VLA and HST
astrometry over the HUDF area to be ARA =-07076 and
ADec =+0"'279. Similar offsets were also found in Barro et al.
(2016) and Dunlop et al. (2017). These previous estimates
are in very good agreement with those calculated from our
own data. Hence we corrected the HST world coordinate
system with the offsets we have derived here (note that op-
posite corrections to those provided above have to be applied
to the HST imaging) and we refer only to the corrected im-
ages in this work.
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APPENDIX C: TESTS ON SIMULATED
IMAGES

We describe here the simulated ALMA observations utilized
to test the robustness of the CO(5-4) size measurements. We
started by generating an input model for the CO(5-4) emis-
sion from the HST SFR map. We show here simulations
based on the SFR map obtained from the dust-corrected
Lyvy, but similar results are obtained if using the SFR from
the SED fitting with CSF models. As we discussed in Sec-
tion 5.1, a direct conversion of the SFR into CO(5-4) lumi-
nosity results in too low fluxes, likely as a consequence of
underestimation of nuclear dust obscuration. For this rea-
son, we renormalized the input SFR map such to match the
observed CO(5-4) line flux within the 05 x 0”2 Gaussian
region over which we detect the line emission, accounting
for HST PSF blurring. (Note that this effectively translates
into a simple division of the SFR map by the flux within
that area; hence, the pixel relative fluxes and radial distri-
bution are conserved.) We then employed the simobserve task
within CASA to simulate ALMA observations. The relevant
task parameters were set to reproduce exactly the date and
time of observation, antennas configuration, the total inte-
gration time and atmospheric conditions of the real ALMA
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Table B1. Properties of the four galaxies detected in our ALMA continuum image, together with UDF6462. Column 1 is the galaxy
ID. Galaxies in rows 1 to 4 have the same ID as in Dunlop et al. (2017) and the galaxy labelled as Ez! was not detected by these
authors. Columns 2 to 5 are source the best-fitting coordinates, FWHM and 1300um fluxes obtained by Gaussian fitting in the uv-plane.
Celestial coordinates correspond to the ALMA astrometric system. Columns 6 and 7 are the sizes and fluxes for these sources published
in Rujopakarn et al. (2016) and Dunlop et al. (2017), respectively. Galaxy UDF16 is not detected in our data, the 30~ upper limit for its
flux in column 5 is derived by fitting a Gaussian with parameter fixed to those provided in Rujopakarn et al. (2016).

D RAALMA  Dec.arma Omajor X Ominor S1300um Omajor X Ominor[R16] S1300m [D17]
(deg) (deg) @) (1 Jy) () (1 Jy)
UDF1 53.183502  -27.776686  0.51+0.14 x 0.20+0.08 1063+132  0.39+0.04 x 0.33+0.04 920+49
UDEF2 53.181389  -27.777584  0.47+0.05 x 0.28+0.05 875+47 0.53+0.06 x 0.45+0.05 996+87
UDF7 53.180531  -27.779709  0.34+0.10x 0.10+0.06 234+12 <0.24x<0.13 225+13
UDF16 53.180531 -27.779709 - <164 <0.24 x <0.15 155+44
Ex1 53.179134  -27.780613  0.36+0.04 x 0.29+0.03 315 +13 — —
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Figure C1. Comparison of the real CO(5-4) observations of UDF6462 (top row) with the simulated ALMA observations generated from
the UV-based SFR map (bottom row). On the left we show the clean maps obtained at the native 076x0”4 resolution of the ALMA
observation (top left panel is identical to Fig. 7), on the right after tapering on a scale of 1”. Identical bitmap scaling is used in the real
and simulated images. Contours denote the [3, 6, 9]xrms levels. Grey crosses highlight the position of the clumps.

data. During the simulation, we employed a channel width of
0.33GHz, i.e., corresponding to the ~430km/s velocity range
over which we detect significant line emission (grey shaded
area in right-hand panel in Fig. 7).

We show in Fig. C1 the obtained artificial ALMA maps.
Globally, the simulated observations reproduce the real data
in terms of SNR and spatial distribution. We fit the simu-
lated uv-plane with a Gaussian source, using the UV_FIT
task as done for the real observation and measured a size
of FWHM=(1"1+0"1) x (0”7+0"'1), i.e., we recovered the

intrinsic model size. Tapered versions of both the real and
simulated images on a scale of 1”7 are shown in the right-
hand panels of Fig. C1. While tapering on the simulated
data reveals the extended emission in the North-South di-
rection and increases SNR, in the real ALMA observations
this is not the case and the SNR is not significantly im-
proved. The findings above therefore suggest that emission
distributed on scales of 1”/, if present, should be recoverable
at the SNR of our observations and that the small CO size
compared to the SFR/radio map is likely intrinsic.
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