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ABSTRACT
We report the ALMA observations of the most massive (star-forming) galaxy in the redshift
range 3 < z < 4 within the whole Great Observatories Origins Deep Survey South field
(GOODS-S) field. We detect a large elongated structure of molecular gas around the massive
primeval galaxy, traced by the CO(4−3) emission, and extended over 40 kpc. We infer a mass
of the large gaseous structure of Mgas ∼ 2–6 × 1011 M�. About 60 per cent of this mass
is not directly associated with either the central galaxy or its two lower mass satellites. The
CO extended structure is also detected in continuum thermal emission. The kinematics of the
molecular gas shows the presence of different components, which cannot be ascribed to simple
rotation. Furthermore, on even larger scales, we detect nine additional CO systems within a
radius of 250 kpc from the massive galaxy and mostly distributed in the same direction as the
CO elongated structure found in the central 40 kpc. The stacked images of these CO systems
show detections in the thermal continuum and in the X-rays, suggesting that these systems
are forming stars at a rate of 30–120 M� yr−1. We suggest that the extended gas structure,
combined with its kinematic properties, and the gas-rich star-forming systems detected on
larger scales, are tracing the inner and densest regions of large-scale accreting streams, feeding
the central massive galaxy. These results corroborate models of galaxy formation, in which
accreting streams are clumpy and undergo some star formation (hence enriching the streams
with metals) even before accreting onto the central galaxy.

Key words: ISM: molecules – galaxies: evolution – galaxies: general – galaxies: high-
redshift – infrared: general.

1 IN T RO D U C T I O N

Modern theories of galaxy evolution and cosmological numerical
simulations predict that massive galaxies, especially in the early
stages of their formation, accrete a large amount of gas from the
intergalactic medium (IGM), mostly through large-scale filamentary
structures funnelling gas into the galaxy dark matter (DM) halo

� E-mail: michele.ginolfi@oa-roma.inaf.it (MG); r.maiolino@mrao.cam.
ac.uk (RM)

towards the disc (Dekel et al. 2009; Genel et al. 2012; Silk &
Mamon 2012).

Such gas replenishment has to occur continuously throughout
the cosmic time and more efficiently at early epochs, to sustain
the intense star formation observed in primeval systems (Dekel
et al. 2009; Kereš et al. 2009; Sánchez Almeida et al. 2014). These
theoretical claims are observationally supported by the finding that
high-redshift star-forming galaxies are characterized by gas deple-
tion time-scales of the order of, or shorter than, 1 Gyr, hence requir-
ing that fresh gas must be supplied at a high rate across a significant
fraction of the galaxy lifetime, at least while populating the so-
called main sequence (e.g. Tacconi et al. 2013; Genzel et al. 2015;
Scoville et al. 2016). The need for prolonged star formation
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Extended molecular gas at high redshift 3469

time-scales sustained by gas accretion is also inferred from studies
of the chemical enrichment of spiral galaxies (e.g. Tinsley 1981;
Matteucci & Francois 1989; Matteucci 2014).

The additional gas needed to support star formation can be pro-
vided by the IGM, feeding massive primeval galaxies via gas accre-
tion through cosmic streams (Sancisi et al. 2008; Fraternali 2014).
Theoretical models and numerical simulation have thoroughly in-
vestigated the role of gas accretion in galaxy evolution. The standard
view of ‘hot accretion mode’ has persisted for years, arguing that
galaxies form out of collapsing, virialized gas that forms an hot halo
and then slowly cools, and settles in a disc (Rees & Ostriker 1977;
White & Rees 1978; Fall & Efstathiou 1980). This view has been
substantially modified in the past decade and the new paradigm of
‘cold accretion mode’ predicts that, at early cosmic epochs, the ma-
jority of gas enters the DM halo in the cold phase along filaments
feeding the disc growth, without significant shock heating, at least at
z > 3.5 (Birnboim & Dekel 2003; Dekel & Birnboim 2006; Ocvirk,
Pichon & Teyssier 2008; Brooks et al. 2009; Kereš et al. 2009;
Stewart et al. 2011). It should be noted that such models expect
that cold streams are halted in massive galaxies (M� > 1011 M�)
at z < 3–3.5 as a consequence of halo shock heating (Cattaneo
et al. 2006; Dekel et al. 2009).

Our current understanding of cold gas inflows is largely based
only on such models, as observational studies have been severely
limited by the difficulty of tracing such cold gas accretion.

Attempts have been made in tracing the distribution of cir-
cumgalactic gas around high-redshift galaxies by looking at dis-
tinct kinematic signatures in absorption systems (along the line
of sight of background quasars) produced by accreting mate-
rial (e.g. Bouché et al. 2013; Prochaska, Lau & Hennawi 2014).
Unfortunately, this approach is limited by the sparseness of
aligned quasar-high-redshift galaxies pairs and by the fact that
only one line of sight is usable, which results in degenera-
cies on the inferred circumgalactic medium (CGM) distribution.
Another powerful tool to observe the extended gas reservoir
surrounding high-redshift galaxies is through direct imaging of
Lymanα (Lyα) emission due to recombination radiation follow-
ing photoionization (sometimes referred to as ‘fluorescence’) pow-
ered by powerful ultraviolet (UV) sources (Lowenthal et al. 1990;
Haardt & Madau 1996; Bunker, Marleau & Graham 1998;
Cantalupo et al. 2005; Geach et al. 2009; Kollmeier et al. 2010). Suc-
cessful ultra-deep observations of hyper-luminous quasars at z > 2
have indeed revealed giant Lyα haloes with projected linear sizes
larger than 100 kpc (Cantalupo, Lilly & Haehnelt 2012; Cantalupo
et al. 2014; Hennawi et al. 2015; Borisova et al. 2016). Recently,
extensive integral field spectroscopic surveys have led to the first
detection of the two-dimensional distribution of spatially extended
Lyα emission also around low-mass (∼108–109 M�) star-forming
galaxies at z > 3 (Patrı́cio et al. 2016; Wisotzki et al. 2016; Vanzella
et al. 2017), revealing that Lyα haloes appear to be ubiquitous even
among ‘normal’ galaxies at high redshift.

Although such results seem to confirm what predicted by models,
revealing the extended gaseous structures expected to exist around
primeval galaxies, the physical properties and the nature of the
cosmic accreting gas expected by theories are still debated. Indeed,
observations of Lyα haloes are only able to offer limited insight into
the nature of the CGM because of (1) the possibility of tracing only
the warm ionized phase of the gas surrounding primeval galaxies
(which is generally a small fraction of total), (2) the degeneracies
affecting the physical parameters estimated from radiative transfer
modelling of Lyα emission and (3) the inability to infer detailed
information about the kinematics of the three-dimensional spatially

extended gas, because of both Lyα absorption and the resonant
nature of the line.

Such limits allow observations to only partly confirm models,
leaving the observational evidence of gas cosmic streams feed-
ing high-redshift galaxies still sparse and debated. However, due
to the increasing accuracy of numerical cosmological simulations,
the theoretical scenario has substantially evolved over the last few
years. While initial theories were predicting inflows of nearly pris-
tine gas (Birnboim & Dekel 2003; Kereš et al. 2005; Dekel &
Birnboim 2006), recent simulations have shown that cooling and
gravitational collapse may happen in gas streams, possibly lead-
ing to star formation within them, resulting in metal enrichment
prior to delivery onto the massive galaxy (Pallottini, Gallerani &
Ferrara 2014; Ceverino et al. 2016; Nelson et al. 2016; Pallottini
et al. 2017). More specifically, Dekel et al. (2009) claim that about
30 per cent of the inflowing gas is converted into stars along the
filamentary streams, before reaching the central massive galaxy. In
support of this scenario, Bouché et al. (2013, 2016) report, through
absorption spectroscopy at high-z, the detection of inflowing gas
significantly enriched in metals (Z ∼ 0.4 Z�). This scenario opens
up new possibilities for the cosmic gas accretion to be investigated,
within dense environment, by exploiting some of the classical trac-
ers of star formation and molecular gas.

In this study, we report the Atacama Large Millimeter/
submillimeter Array (ALMA) observations of an extended molec-
ular gas structure around a massive star-forming galaxy at z = 3.47
located in an overdense region (see Section 2), which may provide
new insights about gas accretion onto primeval galaxies.

Throughout the paper, we assume a �CDM cosmology with
�m = 0.3, �� = 0.7 and h = 70 km s−1. 1 arcsec at z ∼ 3.5 corre-
sponds to ∼ 7.47 kpc.

2 C A N D E L S - 5 0 0 1 : A MA S S I V E G A L A X Y I N A N
OV E R D E N S E R E G I O N AT z = 3 . 4 7

Candels-5001 (ID 4417 in the GOODS-MUSIC catalogue; Grazian
et al. 2006) is a Lyman-break-selected star-forming galaxy at red-
shift z = 3.47 (measured through the [O III]5007 Å transition;
Maiolino et al. 2008).

Candels-5001 is the most massive galaxy (M� ∼ 1.9 × 1010 M�;
Santini et al. 2015) in the redshift range 3 < z < 4 within the whole
150 arcmin2 covered by the Great Observatories Origins Deep Sur-
vey South field (GOODS-S). It is actively forming stars at a rate
of ∼200–250 M� yr−1 (Troncoso et al. 2014). This galaxy is also
detected in the X-rays; however, Fiore et al. (2012) exclude the pres-
ence of an active galactic nucleus (AGN) and show that the X-ray
emission is fully consistent with what expected from the observed
star formation rate. Table 1 summarizes the main properties of the
galaxy.

Two star-forming lower mass companions are located at a dis-
tance of about 7–15 kpc (i.e. ∼1–2 arcsec) from Candels-5001 and
are likely in the process of merging (as suggested by their kinemat-
ics; see Section 4.2).

Candels-5001 is located in a large-scale overdensity of galaxies
traced by a clear, prominent spike in the distribution of spectroscopic
redshifts over GOODS-S1 (Fig. 1), suggesting that it is the massive
central galaxy in a forming protocluster. This has been recently
confirmed by the analysis of Franck & McGaugh (2016), based on

1 We collected all available spectroscopic redshifts for galaxies around
z ∼ 3–4 in GOODS-S from the GOODS Multiwavelength Southern Infrared
Catalog (GOODS-MUSIC; Santini et al. 2009).

MNRAS 468, 3468–3483 (2017)

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/468/3/3468/3079299 by IN
AF Trieste (O

sservatorio Astronom
ico di Trieste) user on 25 N

ovem
ber 2020



3470 M. Ginolfi et al.

Table 1. Summary of the properties of Candels-5001.

RA DEC Redshift 12+log(O/H)a log(Mstar/M�)b F(CO4 − 3)c log(MH2 /M�)c Fcont.(103 GHz) log(SFR) d

J2000 J2000 Jy km s−1 µJy M� yr−1

03:32:23:336 −27.51.56.862 3.473 8.41+0.10
−0.10 10.27+0.38

−0.11 0.13 ± 0.02 11.09+0.17
−0.25 36.1 ± 9.6 2.33 ± 0.31

aObtained using the empirical calibration derived by Curti et al. (2017).
b Santini et al. (2015).
cThis work.
dFrom the extinction-corrected Hβ emission (Troncoso et al. 2014).

Figure 1. Distribution of spectroscopic redshifts of the galaxies opti-
cally identified in the GOODS-S field. The arrow indicates the redshift of
Candels-5001.

an accurate galaxy overdensity (δgal) selection criterion applied on
a catalogue of spectroscopically identified candidate protoclusters.

In such an overdense region, metal and dust enrichment in the
IGM is supposed to be efficiently enhanced by galactic winds and
outflows.

This peculiar environment, combined with the achieved ALMA
sensitivity and angular resolution (∼1 arcsec), makes the selected
target the right candidate to investigate cosmic gas accretion at high
redshift by observing the molecular gas phase.

3 A L M A O B S E RVATI O N S A N D DATA
R E D U C T I O N

Observations were carried out during ALMA cycle 1, in 2013
November, making use of 30 antennas (12 m diameter), with a max-
imum baseline of 1.2 km, but most of the antennas were distributed
in a relatively compact configuration. This results into a synthesized
beam full-width at half-maximum (FWHM) of about 1.5 arcsec in
size, if using the natural weighting of the visibilities, but maps with
a resolution of 1 arcsec can be achieved by using different (Briggs,
with robustness parameter of 2) weighting of the baselines (as dis-
cussed later on). The antennas were pointed at the optical position
of Candels-5001. A total bandwidth of 7.5 GHz was employed in
Band 3, using four wavebands between 90 and 106 GHz. The pri-
mary beam FWHM at such frequencies is ∼60 arcsec. One of the
wavebands was centred at 103.1 GHz, which is the frequency of
the CO J = 4−3 transition at the target redshift, i.e. z = 3.473. The
other sidebands were used for continuum measurements. A total
of 116 min of on-source integration time, distributed over three
execution blocks (∼40 min each), were obtained.

The ALMA observatory staff performed initial data calibration,
as part of standard data processing and delivery. The calibrated
visibility data have been then re-analysed, performing additional
flagging of bad channels, using CASA version 4.5.3 (McMullin
et al. 2007). The data have been imaged initially using the CASA

natural weighting of the visibility data to create continuum map

Figure 2. Upper (lower) panel: the beam radial profile along its major
(minor) axis and a Gaussian profile are shown. In both cases, there is a
deviation from Gaussianity on small distances, allowing for some sensitivity
on scales smaller than the beam FWHM.

and data cubes. We achieve an rms sensitivity of 9.6 µJy beam−1

for the continuum image and 6 mJy beam−1 km s−1 in the waveband
centred on the CO J = 4−3 transition, where the latter rms is given
in spectral bins of 20 km s−1 (∼7 MHz). The sensitivity in the other
three sidebands is lower since the noise is, on average, 10 per cent
higher. The absolute flux systematic uncertainty (associated with
the flux calibration) is ∼10 per cent.

A slight astrometric alignment of less than 0.5 arcsec in the NW
direction has been performed to match the ALMA data with the
optical images (see Appendix A for a discussion). This level of
systemic offsets between optical and ALMA data has been found in
other cases (e.g. Maiolino et al. 2015; Dunlop et al. 2017) and are
likely associated with either the astrometric accuracy of the ALMA
phase calibrator and/or the astrometric accuracy of the optical im-
ages. However, we emphasize that the key results are not affected
by the slight astrometric adjustment.

We note that the small relative number of antennas on long dis-
tances in our configuration results in a poorly covered visibilities
plane on long baselines and, in turn, in a synthesized beam that is
not Gaussian, as illustrated in Fig. 2. These long baselines provide
some sensitivities on scales smaller than the beam FWHM.

MNRAS 468, 3468–3483 (2017)
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Extended molecular gas at high redshift 3471

Figure 3. (a) Upper panel: CO J = 4−3 map of the region around Candels-5001 obtained through natural weighting of the visibilities. The CO surface
brightness contours range from 1σ to 6σ , where σ = 22 mJy km s−1beam−1 is the CO map rms. Dashed contours indicate negative fluxes. Lower panel:
the same CO contours are shown overlaid on to the F775W HST image (colour). (b) Upper panel: CO J = 4−3 map obtained through the Briggs weighting
(robustness parameter: +2). Contours range from 1σ to 5σ , where σ = 24.5 mJy km s−1beam−1. In this image, the extended emission is even more clearly
resolved, over more than 10 independent beams, although the sensitivity is somewhat lower. Lower panel: same background colour image of (a), with surface
brightness contours of CO J = 4−3 Briggs weighted map overlaid. The beam sizes of the ALMA maps are given in the bottom-left corners.

4 R ESULTS

4.1 Molecular gas structure extending on 40 kpc scale
around the central galaxy

A CO J = 4−3 flux map was obtained by collapsing the chan-
nels containing line emission (−140 < v < +140 km s−1; see Sec-
tion 4.2), using a data cube where the CASA natural weight of the
visibilities was performed, resulting into the ∼1.5 arcsec resolution
mentioned in Section 3 (specifically beam of 1.6 arcsec × 1.3 arcsec
with PA = 54.◦32). The resulting CO flux map is shown in Fig. 3a
(left-hand panel). The CO emission is clearly extended over about
40 kpc in an elongated structure-oriented NE–SW. In the bottom im-
age of Fig. 3a, the same contours are overlaid on to an optical Hubble
Space Telescope (HST) image (F775W), tracing the rest-frame UV
emission. We note that the CO map reveals some structures on
scales smaller than the beam FWHM; this is a consequence of the
presence of some long baselines that provide some sensitivity to
small scales and make the beam profile non-Gaussian, as discussed
in the previous section.

Fig. 3b shows the same maps obtained with a CASA Briggs weight
(i.e. weighting less the more compact baselines), which results into
higher angular resolution (beam of 1 arcsec), although at expenses
of a somewhat lower sensitivity. The latter image shows even more
clearly that the extended emission is fully resolved, over more than
10 independent beams. The flux assigned to Candels-5001 has been
estimated collecting the total flux within an ALMA synthesized
beam centred on the rest-frame UV emission peak from HST images.

Interestingly, although the CO map peaks are associated with the
massive star-forming galaxy, Candels-5001 accounts for only about
40 per cent of the CO emission in the central 40 kpc; the remaining
CO emission (∼60 per cent) is distributed in the CGM within the
elongated structure, and it is not directly associated with either the
central target or its two companions.

Within this context, we note that the extended structure cannot be
ascribed to molecular gas hosted in the three merging galaxies and
‘artificially’ smeared on a larger scale by the ALMA beam. This is
discussed more in detail in Appendix C through a simple simulation.

We calculated the total molecular mass in the 40 kpc struc-
ture traced by the CO J = 4−3 emission, conservatively assum-
ing for such a system the same gas metallicity inferred for the
central and nearby galaxies (∼0.5 Z�, e.g. Maiolino et al. 2008,
Troncoso et al. 2014, and validated by the Te-based calibration in
Curti et al. 2017; this is a conservative assumption as the sur-
rounding gas has probably lower metallicity, although Bouché
et al. 2016 have found evidence for inflowing gas with similar
metallicity) and using a metallicity-dependent CO-to-H2 conver-
sion factor (αCO ∼ 10 ± 2; Wolfire, Hollenbach & McKee 2010;
Feldmann, Gnedin & Kravtsov 2011; Bolatto, Wolfire &
Leroy 2013; Saintonge et al. 2013). The inferred total mass of
molecular gas within the 40 kpc wide structure is about 2–
6 × 1011 M�. The given range of gas masses reflects the uncer-
tainty on αCO and on the CO J = 4−3/CO J = 1−0 lines flux ratio,
for which we have assumed values ranging from that typically ob-
served in normal (Milky Way-like) star-forming galaxies to that
observed in starburst and high-z submillimetre galaxies (Carilli &

MNRAS 468, 3468–3483 (2017)
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3472 M. Ginolfi et al.

Table 2. Summary of the properties of the extended molecular gas structure.

Parameter Global structure Extended component
0 < R � 20 kpc 2 < R � 20 kpc

Line flux CO(4−3) 0.30 ± 0.05 0.17 ± 0.04
Jy km s−1

Molecular gas mass 11.60+0.18
−0.29 11.49+0.19

−0.28
log(MH2 /M�)

Fcont(103 GHz) 75.4 ± 9.6 39.3 ± 9.6
µJy

Star formation rate 198 ± 63 103 ± 63
M� yr−1

Walter 2013). Table 2 contains detailed information on the extended
elongated molecular gas structure surrounding Candels-5001.

It is interesting to note that, as mentioned above, about 40 per cent
of this molecular gas is associated with the central galaxy, implying
that this is a very gas-rich galaxy (Mgas/M� ∼ 6; Table 1). This
is not unprecedented among high-redshift galaxies (e.g. Genzel
et al. 2015) and it reveals that this galaxy is in an early evolutionary
phase.

4.2 Kinematics properties of the extended gaseous structure

Velocity and velocity dispersion maps of the 40 kpc-scale gaseous
structure were obtained by fitting one or two Gaussians to the line
profiles and they are shown in the left-hand panels of Fig. 4a. While

Figure 4. (a) Left-hand panels: CO J = 4−3 velocity field and velocity dispersion. Dots indicate regions where a fit with two Gaussian components is required;
in these cases the two kinematics components (‘blueshifted’ and ‘redshifted’) are shown separately. The solid contours show the rest-frame UV emission traced
by HST. Right-hand panels: velocity field and velocity dispersion of the three galaxies traced by the [O III]5007 Å optical nebular emission line (Maiolino
et al. 2008; Troncoso et al. 2014). (b) Bottom right panel: CO J = 4−3 surface brightness within the central few tens kpc around Candels-5001 (same levels as
Fig. 3a). Top/bottom left panels: spectra extracted from the central region and from two outer regions, one of the latter showing indication of a double-peaked
profile.

MNRAS 468, 3468–3483 (2017)
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Extended molecular gas at high redshift 3473

Figure 5. CO J = 4−3 position–velocity diagram along the major axis of
the extended structure. The diagram is inconsistent with simple coherent
rotation and further showing sub-structures with different velocities at the
same location.

the overall dynamics broadly follows the velocity distribution of
the three optical galaxies (Fig. 4a, right-hand panels), the external
region north-west of Candels-5001 appears to be characterized by
two different kinematic components. This is clear from the double-
peaked profile of the spectrum extracted from the area described
above (see the lower left panel of Fig. 4b) and in the position–
velocity (p–v) diagram along the major axis (Fig. 5) of the 40 kpc
gaseous structure. The regions in which a double-Gaussian fit is
required are marked with black dots in Fig. 4a and the kinematics
of the two components is shown separately in Fig. 4a (left and
central panels).

The p–v diagram does not show any signature of coherent rotation
around the massive galaxy. Instead it clearly shows sub-structures
with different velocities at the same location. Overall these results
highlight an irregular kinematics of the extended elongated molec-
ular structure.

We note that the limited angular resolution of our ALMA data
(with respect to the SINFONI observations of Candels-5001) does
not allow us to resolve the internal kinematic structure of the molec-
ular gas within the individual galaxies and, in particular, it does not
resolve their internal rotation curves that are instead traced by their
optical nebular lines (Maiolino et al. 2008) (Fig. 4a, right-hand
panels).

The measured CO line velocity dispersion appears to be low,
ranging between 30 and 100 km s−1 over the entire region (Fig. 4a,
lower panels).

4.3 Continuum thermal emission within the 40 kpc
extended structure

We detect continuum thermal dust emission (at 103 GHz, corre-
sponding to λrest ∼ 650 µm) associated with the extended molecu-
lar gas structure traced by the CO emission. This is shown in Fig. 6
(with Briggs weighting), illustrating that continuum emission is as-
sociated with the central massive galaxy, but also clearly extended
along the surrounding structure (without being associated with any
of the two companion galaxies).

Figure 6. Continuum emission at 103 GHz, corresponding to λrest ∼
650 µm. Contours show the surface brightness at 1.5σ , 2.5σ and 3.5σ ,
where σ = 9.6 µJy beam−1 is the map rms. No negative fluxes at these
levels are present in this area.

In other works, thermal emission at these wavelengths has been
used as a tracer of star formation (whose UV radiation is responsible
for heating the dust) and/or as a tracer of the dust mass. Scoville et al.
(2014, 2016) have shown that, for most galaxies, in the Rayleigh–
Jeans region a constant dust temperature of 25 K can be assumed
and, therefore, the continuum emission can be used as a tracer of dust
mass. However, this assumption may break down in an extended
primordial structure as the one observed by us on 40 kpc scale,
both because of the low metallicity and because the ISM may have
physical conditions different than in normal galaxies.

We have combined the ALMA continuum detection with the Her-
schel data of the same galaxy. The Herschel beam is so large that
it is not possible to disentangle the emission on 40 kpc scales from
the emission associated with central galaxy Candles-5001. We have
therefore performed a fit of the IR-to-millimetre SED of the entire
40 kpc emitting region by using the fitting code CIGALE (Burgarella,
Buat & Iglesias-Páramo 2005) to retrieve the main parameters of
the system. We obtain that the inferred total star formation rate
is 198 ± 63 M� yr−1. This is roughly consistent, although some-
what lower, to the sum of the star formation rates inferred from the
optical-UV SED fitting or the (extinction-corrected) Hβ emission
of the three merging galaxies, which is about 325 ± 120 M� yr−1

(Troncoso et al. 2014). The slightly lower star formation rate (SFR)
inferred from the far-IR emission can be explained in terms of
lower dust content that absorbs less UV radiation than in metal rich
galaxies. From the same fit, we infer a dust mass of Mdust = 1.58
(±0.57) × 109 M�. Assuming a metallicity of half solar (as in-
ferred for Candles-5001) and the metallicity-dependent H2-to-dust
ratio derived by Leroy et al. (2011), we infer a total molecular mass
in the central 40 kpc of 2.1(±0.75) × 1011 M�, which is roughly
consistent with what inferred through the CO emission, within un-
certainties (Table 2).

We cannot perform a similar SED analysis on spatially resolved
basis due to the low angular resolution of the Herschel data. How-
ever, to first order, we can assume the same SED fitted to the total
IR-to-mm emission and split it into a component associated with
Candles-5001 and another one associated with the extended emis-
sion (2 < R < 20 kpc), with the proportions inferred from the ALMA
continuum flux distribution. By using this approach, we infer that

MNRAS 468, 3468–3483 (2017)
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3474 M. Ginolfi et al.

Figure 7. Location of the central massive galaxy and of the 40 kpc ex-
tended structure relative to the local and high-z Schmidt–Kennicutt relations
between surface density of SFR and surface density of molecular gas.

the SFR in the extended component is ∼100 M� yr−1. This is
similar to the SFR inferred for the central galaxy, but distributed on
much larger scales, implying an average surface density of SFR of
0.1 M� yr−1 kpc−2. Such extended star formation is not observed
in the HST rest-frame UV image. From the latter data, we infer
an upper limit of 0.03 M� yr−1 kpc−2. Such a discrepancy may
be ascribed to dust extinction: assuming the dust attenuation curve
typical of star-forming galaxies (Calzetti et al. 2000), matching the
two observations requires a dust reddening of only E(B – V) = 0.1,
which is lower than that inferred for the optical star-forming galax-
ies in the same region (Troncoso et al. 2014). The tentative detection
of some weak diffuse emission in longer wavelength HST images
(F160W, tracing continuum stellar emission at λrest ∼ 3400 Å; see
Appendix B) supports such dust-reddening scenario. Alternatively,
dust in the extended structure may be significantly cooler than what
observed in typical star-forming galaxies, which would imply a
significantly lower SFR.

It is interesting to note that, with the 
SFR inferred above,
the 40 kpc extended structure surrounding Candels-5001 is lo-
cated slightly below (although still marginally consistent with)
the Schmidt–Kennicutt relation between SFR and molecular gas
(Fig. 7), suggesting that the diffuse star formation in such ex-
tended structure is somewhat less efficient than in normal galaxies
(Tacconi et al. 2013; Sargent et al. 2014). If a fraction, or most of the
continuum emission in the extended structure, is not due to in situ
star formation, but heated by external optical–UV radiation field,
then the inferred star formation efficiency would be even lower.

4.4 Detection of CO systems on 550 kpc scale

We have searched for CO-emitting systems within the ALMA field
of view by collapsing spectral channels of the natural weighted data

Figure 8. Distribution of CO-emitting systems detected on the 550 kpc
scale around Candels-5001. The dashed circle encloses the region where the
primary beam response function is above 30 per cent. The image of each
object is shown down to the 1σ level of the CO surface brightness. The
inset shows (in colour) the ALMA continuum emission map for the galaxy
(in addition to Candels-5001 and its surrounding 40 kpc) clearly detected
in continuum. Black and red contours show CO emission systems no. 5 and
no. 6 (see Appendix D), respectively, at levels of 2σ , 3.5σ and 5σ .

cube for a resulting channel width ranging from 40 to 200 km s−1

(although almost all detections are found with widths larger than
100 km s−1) with the centre of the rebinned spectrum spanning the
whole waveband, and searching for emission within the area where
the primary beam response function is above 30 per cent, i.e. a di-
ameter of ∼73 arcsec, corresponding to 550 kpc. Fig. 8 shows the
distribution of the CO detections within the ∼73 arcsec diameter
(traced by the dashed circle) where the colour-coding of the detec-
tions gives the surface brightness. The significance of each system
was assessed by comparing it with the noise in the map extracted
within the same spectral range. To select the reliable CO detections,
we used a threshold of 5.2 σ for CO peak emission, with the justi-
fication that with this threshold the number of negative detections
(i.e. the number of sources detected with the same method in the
flux-inverted cube) is less than 10 per cent of the positive ones. In-
deed, following these criteria, we obtain 10 positive detections and
only one negative detection within the spectral window centred on
to the CO J = 4−3 transition. Moreover, such a negative detection
is found at the very edge of the field, as shown in the black box inset
of Fig. 9.

This test indicates that the vast majority of the CO systems are
not noise fluctuations and that the contamination from spurious
detections is only about 10 per cent or less.

Within the other three wavebands, the ratio between positive and
negative detections tends to be close to 1, as expected from typical
Gaussian noise fluctuations. In such other spectral windows, as a
consequence of the higher noise (relative to the band centred on
to the CO J = 4−3 transition), the number of positive and negative
detections is about two or three per spectral band (by using the
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Extended molecular gas at high redshift 3475

Figure 9. CO-emitting systems colour-coded according to their velocity
relative to Candels-5001. Black box: the only negative source (i.e. detected
in the inverted flux cube and with the same criteria used to detect the positive
sources), in the waveband centred on the CO J = 4−3 transition.

same ‘detection criteria’ discussed above for CO J = 4−3). Such
‘detections’ in the other spectral bands (most of which must be as-
sociated with noise fluctuations) are isotropically distributed within
the field of view.

We note that the field of view does not contain any strong source
that may produce prominent side lobes (especially in the narrow
bands used for the CO detections).

The zoomed map of each of the CO systems detected on large
scales is shown in Fig. 10, along with each individually extracted
spectrum.

4.4.1 Physical properties of the ∼550 kpc-scale CO systems

From Fig. 8, it is clear that the CO systems detected on 550 kpc
scales are predominately distributed in the same NE–SW direction
as the central ∼40 kpc extended molecular gas structure (Fig. 3),
strongly suggesting a physical link between them. Assuming metal-
licities similar to Candels-5001, and using the same calibrators
discussed before, we infer for these systems gas masses of about
1010–1011 M�.

We note that the CO J = 4−3 transition is highly sensitive to the
excitation state of the emitting gas, and therefore, since these gas-
rich systems may be partially shock-heated (Nelson et al. 2016), this
may result into an overestimation of their molecular mass content.

In Appendix D, we show the thumbnails of the optical and near-
IR HST/Spitzer images of these systems and their properties are also
tabulated. Some of the systems show a potential HST and/or Spitzer
counterpart (e.g. systems no. 3 and no. 4), especially if one allows
for some offset between ALMA and optical/IR counterparts, which
seem to be common among these sources (Dunlop et al. 2017).
The ALMA continuum emission is clearly detected in system no. 5
(illustrated in the zoomed inset of Fig. 8), and marginal detections
(at the 2.5σ level) are also seen for systems no. 0 and no. 2.

The other systems are not clearly detected individually, however
the HST stacked image of all CO-emitting sources, shown in Fig. 11,
does show a 2.5σ detection. The stacked ALMA continuum emis-
sion (excluding system no. 5, which is individually detected) results
into a 3σ detection (Fig. 11). Unfortunately, given the lack of infor-
mation at other IR wavelengths, we cannot directly translate this flux
(∼11 µJy) into SFR or dust mass. Yet, if we assume the same SED

as the central region, then the implied average SFR of these systems
would be about 30 M� yr−1. Interestingly, a 3σ detection is also
obtained by the stacked Chandra/ACIS X-ray image (0.5–8 keV), as
shown in Fig. 11. The stacked flux is consistent (Ranalli, Comastri
& Setti 2003) with the X-ray emission expected from galaxies with
an average SFR in the range of 50–120 M� yr−1 (depending on
whether the soft X-ray relation or the hard X-ray relation of Ranalli
et al. 2003 is used and also depending on the assumed X-ray slope).
It is interesting to note that such SFR, combined with the average
molecular gas mass inferred for these systems (∼1.5 × 1011 M�),
would imply that these systems have an average depletion time
of 2 Gyr, i.e. are less efficient in forming stars than normal (main-
sequence) galaxies at the redshift of the source (Sargent et al. 2014).
If some of the X-ray flux is contributed by obscured AGNs and/or
if we take the SFR inferred from the stacked thermal continuum
emission discussed above, then their depletion time-scale would be
even longer.

The velocity map of the CO systems on a large scale, relative
to Candels-5001 and its surrounding molecular gas (Fig. 9), shows
that they uniformly cover the ALMA waveband, ranging velocities
from few hundred km s−1 up to almost ±2000 km s−1.

Some of the high-velocity systems may be affected by the local
environment and their velocity could be boosted as a consequence
of close gravitational interactions. This is clearly the case for the
low-mass, high-velocity CO system no. 6, located a few arcsec from
the more massive galaxy no. 5. The former is probably a satellite
galaxy in the process of merging with the more massive nearby
galaxy companion, and its peculiar high velocity may simply be the
result of the local merging process.

We note that the high-velocity spread of the large-scale CO sys-
tems is comparable with the velocity dispersions observed in other
high-z protoclusters (Casey et al. 2015; Chiang et al. 2015), and
indeed it is consistent with the redshift range (�z ∼ 0.015) of the
peak in the redshift distribution of the spectroscopically identified
galaxies in the GOODS-S field (Fig. 1).

Therefore, the high-velocity CO emitters may be actually tracing
the gravitational field of the forming protocluster. Fig. 12 shows the
three-dimensional distribution of the CO systems identified in the
ALMA field of view (blue symbols), along with the distribution of
the spectroscopically identified optical galaxies (magenta symbols)
in GOODS-S, further confirming that all those objects in this narrow
redshift interval belong to a protocluster, traced by an overdense
region spanning a few Mpc in size.

5 D I SCUSSI ON

Previous observations of CO rotational transitions at high-z have
found molecular gaseous structures, in some cases quite extended,
on scales of even about 10 kpc (Hodge et al. 2012; Tacconi
et al. 2013; Decarli et al. 2016). Such systems have generally
been interpreted as large rotating gaseous discs, in which optical
clumps are identified as regions of star formation occurring within
such discs (Genzel et al. 2011). Relatively large discs have also
been identified in the ionized gas component, through H α imaging
(Genzel et al. 2006, 2010, 2014); the latter is mostly a proxy of star
formation and probes only a very small fraction (the warm ionized
phase) of the gas content in galaxies.

Differently from these objects, our observations of the ex-
tended (∼40 kpc) elongated molecular gas structure surrounding
Candels-5001 cannot be interpreted in terms of a single large
gaseous rotating galaxy disc, in which the optically identified galax-
ies are sub-clumps. In the following text, we describe the main
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3476 M. Ginolfi et al.

Figure 10. CO J = 4−3 maps of the individual systems detected on large scales, along with their spectra. CO surface brightness contours are shown, at levels
of 2σ , 3σ , 4σ , 5σ , where σ is the rms in each CO map. Dashed contours indicate negative fluxes. The beam size of the maps is given in the bottom-left corner
of the upper-left panel.

inconsistencies with such a scenario. First, we note that molecular
galaxy discs as large as 40 kpc have never been observed and have
not been expected by any theory or cosmological simulation, espe-
cially at z > 3 (the largest putative molecular disc found so far has a
size of ∼20 kpc, reported by Tacconi et al. 2013, and it is at z ∼ 1.2,
i.e. at a much later cosmic epoch). Even more importantly, as traced
by the [O III]5007 Å optical nebular line (SINFONI observations;
Fig. 4a), the individual optical systems (Candels-5001 and its two
companions) have individually resolved rotation curves, which are
inconsistent with the interpretation of them being sub-clumps of

a single very massive galaxy disc. Finally, and most importantly,
as already shown in Section 4.2 the CO position–velocity diagram
along the major axis (Fig. 5) is completely inconsistent with a single
large coherently rotating disc.

An alternative scenario in which the observed extended CO emis-
sion is tracing tidally stripped molecular gas is also not plausible. It
would imply that the fraction of molecular gas mass stripped out of
the galaxy by gravitational interactions with the two satellites would
exceed 60 per cent. In contrast to the atomic gas phase (which is
located primarily in the galaxy outskirts and more loosely bound),
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Extended molecular gas at high redshift 3477

Figure 11. Upper panel: the ALMA continuum stacked image of the large-
scale CO emitters (excluding system no. 5, which is individually detected).
Contours levels: 1σ , 2σ , 3σ . Central panel: HST F775W stacked image
of all CO sources on large scales. Contours levels: 1σ , 2σ . Lower panel:
Chandra/ACIS X-ray stacked image of all CO sources. Contours levels: 1σ ,
2σ , 3σ .

the molecular gas phase in galaxies is more centrally concentrated
and more gravitationally bound. Indeed, both observations and sim-
ulations show that, in merging/interacting galaxies, only a tiny frac-
tion, if any, of the molecular gas goes in tidal tails, while the bulk
of the molecular gas becomes even more centrally concentrated,

Figure 12. Distribution of the galaxies spectroscopically identified in the
redshift spike shown in Fig. 1 (magenta symbols), along with the distribution
of the CO systems (blue symbols) in the right ascension–declination–redshift
diagram. The location of Candels-5001 is indicated with a green circle.

as a consequence of angular momentum losses due to cloud–cloud
collisions (Sanders & Mirabel 1996; Narayanan et al. 2006; Ueda
et al. 2014).

We also discard the possibility of the massive gas reser-
voir surrounding Candels-5001 being the product of starburst
or stellar-feedback driven outflows. The huge amount of mass
found in the gaseous structure around Candels-5001 (Mgas ∼ 1.5–
4.5 × 1011 M�, see Table 2) and the low CO line velocity dispersion
(�100 km s−1; lower panels of Fig. 4a) are indeed inconsistent with
systems where such phenomena really occur, indicating that the ex-
tended structure is not associated with a molecular outflow. Within
this context, it is also important to note that, as mentioned in Sec-
tion 2, Fiore et al. (2012) excluded any possible AGN activity in
Candles-5001, hence further discarding the scenario of a powerful
AGN-driven outflow.

5.1 Molecular gas in accreting streams

We suggest that our ALMA observations of the extended (∼40 kpc)
elongated gaseous structure surrounding Candels-5001, combined
with its kinematic properties and the overdense environment, are
consistent with the system tracing the inner and densest parts
of large-scale filamentary streams, feeding the central massive
galaxy.

The different kinematic components within such extended struc-
ture, identified in both the velocity field (Fig. 4a) and the p–v-
diagram (Fig. 5), indicate that Candels-5001 is likely at the conver-
gence point of three intersecting filaments, as models predict for
early massive galaxies (Kereš et al. 2005; Dekel et al. 2009; van de
Voort et al. 2011; Shen et al. 2013; Sánchez Almeida et al. 2014;
Nelson et al. 2016).

If this interpretation is correct, then this would be one of the very
first evidences of molecular gas accreting onto a massive galaxy in
the early Universe, as well as the first detection of the gas reser-
voirs supposed to surround high-redshift objects in terms of their
molecular phase, which traces the most massive component.

MRC 1138-262, often referred as the ‘Spiderweb Galaxy’
(Pentericci et al. 2002; Miley et al. 2006; Nesvadba et al. 2006;
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3478 M. Ginolfi et al.

Venemans et al. 2007), a radio galaxy at the centre of a protocluster,
could be another system in which accretion of cold gas may be
occurring, although at a significantly lower redshift (z = 2.16) than
Candles-5001. However, observational evidence for cold accretion
in this system is still unclear or marginal. Indeed, observations of
molecular gas of this system have either been at very low angular
resolution (9.5 × 5.3 arcsec = 80 × 45 kpc; Emonts et al. 2013),
preventing the association of the molecular emission with intraclus-
ter molecular gas or with the blending of CO emission from the
various merging galaxies optically identified within the beam of
the radio observation, or resulted in the detection of a few individ-
ual clumps associated with either AGN nuclei or clumps excited
by the radio jets produced by the central radio galaxy (Gullberg
et al. 2016).

Our detection is likely resulting from a combination of sev-
eral factors, specifically (1) sensitivity enabled by ALMA; (2) in-
strument configuration (enabling the detection of diffuse/extended
emission on large scales); (3) properly selected target at the proper
cosmic epoch (a massive galaxy at the centre of a protocluster, at
redshift z = 3.47, when accretion from cosmic streams is expected
to be particularly prominent and not yet significantly disrupted by
halo-induced shocks); (4) observation of a high enough transition,
CO J = 4−3, which does not suffer from the reduced contrast against
the cosmic microwave background (CMB) (warmer by a factor of
1 + z), which may prevent the detection of very extended emission
in lower CO transitions observations (Zhang et al. 2016).

Our interpretation is further supported by the detection of gas-rich
systems on even larger scales, ∼550 kpc, predominantly distributed
in the same direction as the central 40 kpc elongated structure
(Section 4.4). The inferred mass of such CO emitters is in the
range of that estimated for gas-rich protogalaxies expected to form
in cosmic filaments according to simulations (Dekel et al. 2009;
Nelson et al. 2016). Therefore, we suggest that some of the detected
gaseous systems (especially those with velocities within a few hun-
dred km s−1, consistent with them being gravitationally associated
with the 40 kpc scale gaseous structure) may be tracing the same
filamentary streams terminating onto the central massive galaxy and
producing the inner elongated condensation of molecular gas.

Large molecular gas masses within filamentary accreting gas
structures, traced by CO, indicate the presence of past and ongo-
ing star formation in such streams, which has resulted in some
pre-enrichment even before they enter the massive galaxies discs.
As mentioned in the Introduction section, such pre-enrichment of
cold gaseous streams, due to gravitational collapse and star forma-
tion along the accreting filaments, eventually leading protogalaxies
formation, is expected by cosmic simulations (Dekel et al. 2009;
Darvish et al. 2014; Nelson et al. 2015, 2016; Ceverino et al. 2016).
This scenario is further confirmed by the observation of ongoing
star formation in the 40 kpc extended CO molecular structure and
in the 550 kpc-scale CO systems that are associated with the stream
(through either individual detections or stacking). In this light, also
the two optical companion galaxies of Candles-5001 may be the
result of such fragmentation and star formation occurred along the
filaments.

One potential concern is that studies attempting to trace cold
streams through absorption along the line of sight of quasars
have pointed at very low metallicities (e.g. Fumagalli, O’Meara
& Prochaska 2016). However, these studies have generally iden-
tified absorption systems around less massive galaxies. Moreover,
even in massive galaxies, it is expected that the filling factor of
dense (enriched) molecular systems along the streams is low, hence
the chance of detecting them through random lines of sights probed

by background quasars is very low. It is however interesting to note
that some studies, exploiting the analysis of absorption systems in
the vicinity of high-redshift galaxies, have indeed found evidence
of gas in accretion with relatively high metallicities (∼0.4 Z�;
Bouché et al. 2013, 2016).

6 C O N C L U S I O N S

We have presented the ALMA observations targeting the field of
Candels-5001, the most massive galaxy (M� = 1.9 × 1010 M�) in
the redshift range 3 < z < 4 within the GOODS-S field. This galaxy
lies in an overdense region (located in a prominent redshift spike),
likely tracing a forming protocluster (Franck & McGaugh 2016).
Taking advantage of such overdense environment, expected to more
efficiently enrich the intergalactic environment, we investigated the
molecular gas distribution traced by the ALMA observations of the
CO J = 4−3 rotational transition.

Our findings can be summarized as follows.

(i) We detect a large structure of molecular gas reservoir around
Candels-5001, extended over 40 kpc with a clearly elongated mor-
phology (Fig. 3).

(ii) By using a metallicity dependent CO-to-H2 conversion factor
(Bolatto et al. 2013) and a range of values for the CO J = 4−3/CO
J = 1−0 lines flux ratio (Carilli & Walter 2013), we infer for
the gaseous structure a mass of Mgas ∼ 2–6 × 1011 M�. About
60 per cent of the mass is not directly associated with either the
central galaxy or its two satellites, but is distributed in the IGM in
the vicinity of the central galaxy. Such large amount of molecular
mass in the CGM cannot be explained in terms of tidally stripped
molecular gas due to gravitational interaction (see Section 5).

(iii) The molecular gas in the central 40 kpc has a complex kine-
matics. The north-east external region of the gaseous structure ap-
pears to be characterized by two distinct kinematic components
(Fig. 4). The p–v diagram does not show any signature of coher-
ent rotation of the large structure, instead showing sub-structures
with different velocities at the same location (Fig. 5). As traced by
the [O III]5007 Å optical nebular lines, Candels-5001 and its two
companions have individually resolved rotation curves. Altogether
these kinematics evidences rule out the scenario in which the de-
tected molecular structure is tracing a large rotating disc where the
individual optical systems are sub-clumps.

(iv) We detect continuum thermal dust emission (λrest ∼ 650 µm)
associated with the CO structure on 40 kpc scales. Together with
the Herschel data, the IR-to-mm continuum SED indicates a dust
mass of about 1.6 × 109 M�. Using a dust-to-gas conversion factor
appropriate for the metallicity in this system, this dust mass corre-
sponds to a gas mass of about 2 × 1011 M�, consistent with that
inferred from CO observations.

(v) The extended continuum emission also suggests that the ex-
tended structure is undergoing star formation at a rate of about
0.1 M� yr−1kpc−2 or lower. This indicates that star formation in
the extended structure is close to the Schmidt–Kennicutt relation
(Fig. 7), but slightly less efficient than in normal star-forming galax-
ies at this redshift.

(vi) We detect gas-rich systems on scales of ∼500 kpc, within
the ALMA field of view, most of which are distributed in the same
NE–SW direction as the central CO ∼ 40 kpc elongated structure
(Fig. 8). Assuming metallicities similar to Candels-5001, and using
the same calibrators discussed before, we infer for these systems
gas masses of about 1010–1011 M�.
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Extended molecular gas at high redshift 3479

(vii) Some of the systems have individual ALMA continuum
detections. The other systems are detected in the stacked ALMA
continuum map and also in the stacked X-ray image. They are also
marginally detected (2.5σ ) at optical wavelength in the stacked
HST image (UV restframe). Their inferred average SFR (about
30–120 M� yr−1), compared with their average content of molecu-
lar gas, indicates that these systems are less efficient in forming stars
than normal galaxies at this redshift (average depletion time-scales
of 2 Gyr or longer).

(viii) The velocity spread of the large-scale CO systems, rela-
tive to Candels-5001, is comparable with the velocity dispersions
observed in other high-z protoclusters (Casey et al. 2015; Chiang
et al. 2015), indicating that these systems may be tracing the gravi-
tational field of the forming protocluster.

We suggest that the 40 kpc extended CO emission, combined with
the kinematics analysis, showing the presence of different kinemat-
ics components, is consistent with the system tracing the inner part
of large-scale accreting streams, feeding the central massive galaxy.
Our interpretation is corroborated by the CO-emitting systems de-
tected up to a distance of ∼250 kpc from the galaxy (in the ALMA
field of view), whose distribution is aligned with the inner 40 kpc
gaseous structure. Some of these objects may be tracing the dens-
est regions of the same filamentary streams terminating onto the
massive galaxy.

The detected continuum thermal dust emission associated with
the accreting structure on the 40 kpc scale, as well as the X-ray,
optical and millimetre emission detected in the CO systems on large
scales, indicates that a fraction of gas in the streams undergoes star
formation (although inefficiently) even before accreting onto the
central galaxy.

These findings are in agreement with several cosmological mod-
els of galaxy formation and evolution at early epochs, according to
which cosmic gaseous streams feeding massive galaxies are clumpy
and may undergo gravitational collapse, by forming stars and pro-
togalaxies, hence enriching a fraction of the gas in the streams, even
before accreting onto the massive galaxy (Dekel et al. 2009; Kereš
et al. 2009; Pallottini et al. 2014; Sánchez Almeida et al. 2014;
Ceverino et al. 2016; Nelson et al. 2016).
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APPENDIX A : A STRO METRIC ALIGNMENT

We have noticed that a systemic offset of about 0.5 arcsec in the
same direction is revealed between the optical image of Candels-
5001 and the peak of the ALMA continuum emission, as well as
between the image of a low-redshift galaxy in the ALMA field of
view (COMBO17-25370, MUSIC ID 04383) and the serendipitous
detection of an emission line associated with the same galaxy (most
likely CO J = 2−1 at z=1.2). Fig. A1 shows the optical HST images
of Candles-5001 (top) and of the serendipitous foreground galaxy
COMBO17-25370 (bottom) overlay on to the ALMA continuum
emission (top) and the CO J = 2−1 transition of the serendipitous
galaxy (bottom), illustrating that they are indeed subject to the same
offset in the same direction.

As discussed in Section 3, this kind of systemic offset has been
identified in other studies comparing ALMA and optical data, and
is ascribed to astrometric uncertainties associated with the optical

Figure A1. Astrometric shift. Top panel: optical HST image (contour) over-
laid on to the ALMA continuum image (colour) of Candels-5001. Bottom
panel: optical image of a foreground galaxy (COMBO17-25370, contours)
overlaid on to its CO(2−1) emission serendipitously detected by ALMA
(colour) within the field of view of Candels-5001. In both images, the white
cross indicates the peak of the optical emission while the blue square indi-
cates the peak of the ALMA map. Clearly, in both cases, there is a systemic
offset of 0.5 arcsec between the optical and millimetre images in the same
direction, indicative of an astrometric shift to be corrected.

images, or with the ALMA phase calibrator, or both of them. As
a consequence, we performed a slight astrometric alignment of
∼0.5 arcsec in the NW direction, to match the ALMA data with the
optical images. However, even if neglected, such alignment would
not affect the conclusions of the paper.

A P P E N D I X B : MU LT I BA N D I M AG E S
O F C A N D E L S - 5 0 0 1

In Fig. B1, we show the overlay of the CO(4–3) map with all
available HST images, as well as with the 3.6 µm Spitzer image. The
rest-frame wavelength corresponding to each image is indicated in
each panel. The tentative detection of some weak diffuse emission
in the HST F160W images, tracing continuum stellar emission at
λrest ∼ 3400 Å, supports the scenario in which some dust-reddening
is affecting the low surface brightness star formation occurring in
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Extended molecular gas at high redshift 3481

Figure B1. Overlay of CO emission with multiwavelength images of Candels-5001. The CO(4−3) emission is shown with contours (as in 3), while the colour
background images show the available HST images (filter and rest-frame wavelength indicated within each panel) and the 3.6 µm Spitzer image (bottom-right).
The red bar in each panel indicates the size of the HST/Spitzer PSF in that band.

this structure. The 3.6 µm Spitzer image (Fig. B1) has too low
(2.5 arcsec) resolution to investigate the extended emission, which
could not be disentangled from the contribution associated with the
two satellite galaxies.

A P P E N D I X C : A N G U L A R R E S O L U T I O N
E F F E C T S C A N D E L S - 5 0 0 1

In Section 4.1, we claimed that the extended structure cannot be
ascribed to molecular gas hosted in the three merging galaxies
and ‘artificially’ smeared on a larger scale by the ALMA beam.
We convolved the higher resolution [O III]5007 Å SINFONI map
(Fig. 4) of Candels-5001 and its companions with the ALMA
beam. In Fig. C1, we compare the spatial extension of the con-
tours containing the 40 per cent and 80 per cent of the flux in
the ALMA CO map with the same-level contours of the SIN-
FONI smoothed images, confirming that beam smearing of putative
molecular gas in the two satellite galaxies (along with the molec-
ular gas in Candles-5001) cannot account for the observed CO
extent.

A P P E N D I X D : A D D I T I O NA L M A P S
AND TA BU LATED PROPERTIES
OF THE C O-EMITTING SYSTEMS

Figs D1 and D2 show the overlay of the CO emission observed
in the systems detected on large scales with optical (F775W, HST),

Figure C1. The background colour image is the CO map of the few tens
kpc field around Candels-5001, obtained by ALMA. Black contours contain
the 80 per cent and 40 per cent of the CO J = 4−3 flux. The blue dashed
contours contain the 80 per cent and 40 per cent of the [O III] flux map
obtained by smoothing the SINFONI/VLT data to the same resolution as the
ALMA map.

near-IR (F160W-HST and 3.6 µm-Spitzer) and ALMA continuum
images (see the text for discussion). Table D1 lists some basic
properties of the CO systems on large scales, where line fluxes have
been corrected for the primary beam response function.
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Figure D1. CO J = 4−3 maps (contours) of the individual systems detected on large scales overlaid on to the HST, Spitzer and ALMA continuum images.
Objects no. 0–4.
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Extended molecular gas at high redshift 3483

Figure D2. CO J = 4−3 maps (contours) of the individual systems detected on large scales overlaid on to the HST, Spitzer and ALMA continuum images.
Objects no. 5–8.

Table D1. Summary of the properties of the CO systems detected on large scales.

ID Right ascension Declination Line frequency Line flux CO J = 4−3 Line width CO J = 4−3 Continuum flux
J2000 J2000 CO J = 4−3 GHz Jy km s−1 Jy km s−1 µJy

no. 0 03:32:23.70 −27.51.33.8 102.72 0.110 ± 0.022 125 24.1 ± 9.6a

no. 1 03:32:21.34 −27.52.14.5 102.64 0.117 ± 0.022 100 <9.6
no. 2 03:32:22.44 −27.52.13.3 102.38 0.105 ± 0.012 131 22.3 ± 9.6a

no. 3 03:32:22.06 −27.52.24.8 103.10 0.202 ± 0.038 214 <9.6
no. 4 03:32:24.27 −27.51.39.8 103.05 0.104 ± 0.018 110 <9.6
no. 5 03:32:24.70 −27.52.11.5 102.85 0.107 ± 0.013 125 33.4 ± 9.6
no. 6 03:32:24.61 −27.52.10.3 103.85 0.102 ± 0.018 83 <9.6
no. 7 03:32:21.82 −27.51.58.5 103.75 0.136 ± 0.024 289 <9.6
no. 8 03:32:24.55 −27.51.30.3 103.83 0.116 ± 0.021 69 <9.6

aMarginal detections (∼2.5σ ).

This paper has been typeset from a TEX/LATEX file prepared by the author.
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