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Motivation

•lack of such studies on (proto)cluster galaxies                          
èsee also talks by Kodama, Noble

•measure the fuel of star formationèmolecular gas 
reservoirs via CO(1-0) 

•formation of red sequence galaxies (in clusters)

•characterize star-formation process 

•how obscured are protoclusters?

•impact of environment on molecular gas reservoirs
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Dusty Star-Forming Galaxies

FoV:11.4’

•very massive up to 1011M¤

•gas-rich
•high  SFR: several 100 M¤/yr 
•merger-like morphology
•ellipticals in formation
•<z>=2.5
èexcellent tracers of mass-density peaks

Ivison et al. (2001)
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Figure 4. Left: example observed mid- to far-IR SEDs of the ALMA SMGs in our sample (one from each quartile in 870 µm LESS flux density). SEDs
for all the ALESS SMGs are shown in the Appendix. In each case, the SPIRE photometry has been deblended. The solid curve shows the best-fitting SED
to the 24 µm–1.4 GHz flux densities. The shaded region shows the range of acceptable solutions of these templates given the photometric redshifts (and its
error). Right: rest-frame, composite SED for all ALMA SMGs in our sample from UV through to radio wavelengths. The small points show the individual
measurements (and include detections and non-detections as limits). Large points denote the bootstrap median in bins of wavelength, with error bars accounting
for both photometric redshift and luminosity uncertainties. The solid curve shows the best-fitting SED, with the 1σ uncertainty indicated by the shaded region,
and the lower panel shows the residuals between the data and the fit. The dashed curve shows the composite SED derived from 816 z ∼ 1.5 galaxies with
luminosities LIR = 1–3 × 1012 L⊙ in the COSMOS field from Lee et al. (2013). The black dashed curves show a three-component grey-body dust SED fit
to the ALESS SMG composite with cold, warm and hot components with Td, c = 20–30 K, Td, w = 50–60 K and Td, h = 80–120 K, respectively. These grey
bodies suggest an average cold dust mass of Md, c = (4.1 ± 0.6) × 108 M⊙ (for a dust mass absorption coefficient of κ870 µm = 0.15 m2 kg−1).

vary according to the photometric redshift and its error, and also
accounting for the uncertainty in the photometry. Using the best-
fitting dust SEDs, we calculate the IR luminosity (LIR) by inte-
grating the rest-frame SED between 8 and 1000 µm (rest-frame).
The derived far-IR luminosities (integrated between rest-frame 8
and 1000 µm) and characteristic dust temperatures (Td) of the best-
fitting template from these fits are reported in Table A1 along with
their photometric redshifts from Simpson et al. (2013). To facilitate
a useful comparison with other surveys, we also fit the far-IR pho-
tometry of each ALESS SMG with a modified blackbody spectrum
at the photometric redshift and derive the characteristic dust tem-
perature from these fits. These dust temperatures are also reported
in Table 2 and are those used in the analysis below.

Following Ivison et al. (2012), in Fig. 5 we show the far-IR
(250/350 µm versus 500/350 µm and 870/500 µm) colours of the
ALESS SMGs (we only plot ALESS SMGs which are detected in
at least two bands). For a comparison sample, we also include the
far-IR colours of SMGs with 250, 350 and 500 µm flux densities
measured from Magnelli et al. (2012a). This colour–colour diag-
nostic is designed to crudely assess the redshift and characteristic
dust temperature (Td) of galaxies detected by Herschel, probing
their colours across the rest-frame ∼100 µm SED peak.

To assess whether these colours are consistent with those ex-
pected for dusty high-redshift galaxies, we also show as a colour
scale the expected far-IR colours derived from 106 grey-body curves
with a range of redshifts from z = 0 to 6, characteristic dust tem-
peratures of Td = 15–60 K and dust emissivity β = 1.0–2.5 (we
include scatter in these photometry which match the typical pho-
tometric errors in our analysis). The location of the ALESS SMGs
in Fig. 5 demonstrates that their dust SEDs are consistent with a
population of galaxies at z ∼ 2–4, and we note that there are 12, 32
and 12 ALESS SMGs whose dust SEDs peak closest to 250, 350
and 500 µm, respectively (these are for those galaxies which are

individually detected in at least two SPIRE bands). However, due to
the dust-temperature–redshift degeneracy, there is significant scat-
ter between the far-IR colours and photometric redshift. Indeed,
as also shown in Fig. 5 the relation between 870/350 µm colour
as a function of photometric redshift for the ALESS SMGs (and
also including the far-IR colours of the spectroscopically confirmed
SMGs from Magnelli et al. 2012a), there is approximately $z ! 1
of scatter for a fixed 870/350-µm colour.

In Fig. 6, we show the photometric redshift distribution for
ALESS SMGs, split by their far-IR colours. Crudely, for a fixed
temperature, the dust SEDs for the SMGs which peak at shorter
wavelengths should lie at the lower redshifts, whilst those which
peak at the longer wavelengths should lie at the highest redshifts.
As Fig. 6 shows, this is broadly consistent with our data; the dust
SEDs of the ALESS SMGs which peak closest to 250, 350 and
500 µm peak at z = 2.3 ± 0.2, 2.5 ± 0.3 and 3.5 ± 0.5, respec-
tively. Formally, a two-sided KS test suggests a 63 per cent chance
the 250 µm and 350 µm peakers are drawn from the same distribu-
tion, but only a 2.3 per cent [1.8 per cent] chance that the 350 µm
and 500 µm [250 µm and 500 µm] peakers are drawn from the same
population.

Finally, we note that there are 34 (out of 99) ALESS SMGs which
do not have a >3σ counterpart at 250, 350 or 500 µm. Of these 34
galaxies, 30 are also radio unidentified, and it is interesting to note
that the median photometric redshift for these SPIRE and radio
non-detections is higher than the full ALESS SMG sample, with
z = 3.3 ± 0.5 (c.f. z = 2.5 ± 0.2; Simpson et al. 2013; Fig. 6).
However, stacking the SPIRE maps of these ‘SPIRE undetected’
ALESS SMGs (Fig. 4) yields far-IR colours which peak at 350 µm
with 250, 350 and 500 µm flux densities of S250 µm = 9.0 ± 0.4 mJy,
S350 µm = 9.5 ± 0.5 mJy and S500 µm = 6.5 ± 1.2 mJy (Fig. 5). More-
over, the median 870 µm flux density of this ‘SPIRE undetected’
sub-set is S870 µm = 2.4 ± 0.4 mJy, (c.f. S870 µm = 3.4 ± 0.3 mJy for
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CO Spectral Line Energy Distribution
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Figure 8. Adaption from the compilation of Daddi et al. (2015)
showing the CO SLED for di↵erent galaxy populations and
models/predictions. We compare the Cosmic Eyebrow (large
red filled star) with the Cosmic Eyelash (large sky blue) filled
star, average SLED of normal star-forming galaxies (Daddi et al.
2015) selecting through the BzK-selection criteria (Daddi et al.
2004), the Milky Way SLED (Fixsen et al. 1996), the average
of SMGs (Bothwell et al. 2013), the average of lensed SMGs se-
lected from the SPT survey (Spilker et al. 2014), the average of
QSOs (Carilli & Walter 2013) and the average (U)LIRGs SLED
derived in this paper using measurements from Papadopoulos
et al. (2012). All CO SLEDs are normalized to the CO(1-0) of
the average BzK galaxy CO SLED, except the Milky Wat which
is normalised using CO(2-1). The results from the toy model
of Papadopoulos et al. (2012) and the numerical simulations
of Bournaud et al. (2014) and Narayanan & Krumholz (2014)
are also shown. Clearly, the CO SLED of the Cosmic Eyebrow
stands out and is completely thermaziled up to CO(4-3).

ratio of the CO(4-3) and CO(1-0) transitions) — will de-
crease from unity and the [CI]/CO ratio will likely evolve
towards the more populated parameter space once the gas
supply is consumed.

4.6.5. CO line width-luminosity relation

We explore the relation between FWHM and L0CO of the
CO(3-2) line for our compiled sample from the literature.
This relation was first proposed by Bothwell et al. (2013)
for SMGs and then extended to normal SFGs at high-z
in Dannerbauer et al. (2017). This relation can be used
as an indicator to see if a high-z CO bright source could
be strongly lensed or not (Harris et al. 2012; Aravena et
al. 2016; Yang et al. 2017; Harrington et al. 2018). In
Fig. 5, a segregation between lensed and non-lensed sources

Figure 9. The LIR-to-L0CO(3�2) ratio as function of redshift.
Compared to other lensed SMGs, the SFE of the Cosmic Eye-
brow is rather low but consistent with non-lensed SMGs and
higher than for normal star-forming galaxies (same encoding as
in Fig. 5).

is clearly seen. Due to the dispersion of the relation be-
tween FWHM and L0CO, it is not possible to calculate even
approximate magnification factors as suggested previously
by Harris et al. (2012) and Aravena et al. (2016). How-
ever, from Fig. 5 it is clear that our source has a strong
magnification as predicted by our lens model.

5. CONCLUSION

In this work we present a detailed study of the cold ISM
with IRAM NOEMA, GBT, and IRAM 30 m of an ultra-
bright, lensed submillimeter galaxy at z = 2.04 with ex-
treme molecular gas properties. The main results are the
following:

• We have revealed the location of the SMG WISE
J132934.18+224327.3 at z = 2.04 with IRAM NOEMA
via CO(3-2) observations unambiguously and find two
components, CO32-A and CO32-B. The derived flux
ratios and magnification factors do not discard a two-
component/merger-like system, however with the current
low spatial resolution dataset in the mm-regime and the
preliminary lens model, we cannot exclude that these two
images are of the same source.

• The determined redshifts and FWHMs of the four cold
ISM line tracers [CI], CO(1-0), CO(3-2) and CO(4-3) are
very similar.

• In combination with single-dish observations from the
GBT and IRAM 30 m telescope we have built up the CO
SLED of component CO32-A of the Cosmic Eyebrow and

see also talk by 
Klitsch



Cosmic Eyebrow: ultra-bright lensed SMG at z=2.04

contamination by galactic dust emission. Inspection of the
Planck maps and available images from different optical and
near-IR catalogs identified WISE J132934.18+224327.3 as the
most likely counterpart of the submillimeter Planck source
PCCS2 857 G007.94+80.29 and very promising candidate to
an ultrabright SMG analog to the Cosmic Eyelash.

A subsequent search in CADC7 provided detections by
SCUBA-2 at James Clerk Maxwell Telescope of a submilli-
meter source with coordinates consistent within 1 arcsec with
those of WISE J132934.18+224327.3, which could be
responsible for the observed Planck submillimeter fluxes. In
fact, the position of the source coincides with a strong lensing
cluster SDSS 1329+2243 at z=0.44 (Bayliss et al. 2014),
which has been observed by Jones (2015) with JCMT/
SCUBA-2 and reported a source in snapshot observations at
850 and 450 μm with fluxes »S 605450 mJy and »S 130850
mJy, consistent with being the main counterpart of the Planck
source. Jones (2015) reported arc structures in Keck images
suggesting it could be a lensed submillimeter source. Addi-
tional detections in the radio band are found in FIRST.8

We used Vizier at CDS9 to find the most likely counterpart of
the WISE/Planck/SCUBA-2 source in the near-IR and visible. In
HST-ACS10 images, a lensed galaxy is also detected at less than
1 arcsec of WISE J132934.18+224327.3. We postulate that this
lensed galaxy is the optical counterpart of the strong
submillimeter and mid-IR source (see Figures 1 and 2(a)).
Hereafter, we designate this lensed galaxy as the “Cosmic
Eyebrow.”

3. Observations and Data Reduction

3.1. GTC Spectroscopy

We have obtained spectroscopy of the lensed galaxy with the
optical imager and spectrograph OSIRIS at the 10.4 m Gran
Telescopio de Canarias (GTC), on the night of 2017 April 18 in
clear conditions and dark moon with ´0. 8 seeing. Observations
were made using the low-resolution, long-slit mode with a ´0. 8
slit and the R500B grism. In this configuration, the resolution is

~R 540, and we have 3.54Å pix−1from ∼3700 to 7200Å.
The slit was oriented along the line of the arc structure of the
lensed source (PA of 64°.22). We grouped observations in two
observing blocks of two exposures of 1385 s each with a 60 s
acquisition image per block in the g band (see Figure 2). The
seeing limited image shows an arc-like galaxy in the expected
position for which we measured = og 22.85 0.03AB for
region 1 and = og 23.43 0.04AB for region 2. The spectro-
scopic observations, with a total integration time of 5540 s,
were reduced using the noao/twodspec and noao/onedspec
packages of IRAF to yield fluxed, wavelength-calibrated
spectra. We extracted spectra for the full arc region along
the slit and separately for encircled regions 1 and 2. Our GTC
spectroscopy reveals that the two regions in the arc are the
same source. In Figure 3, we show the individual spectra for
each arc region and the total arc spectrum. The spectra of the
two arc regions show strong absorption features. We derive the
redshift from the fit of well-measured lines of Si II l1260.4, OI
l1302, C II l1334.5, Si II l1526.7, and Al II l1670.7; for the
full arc we find = oz 2.0448 0.0004.

3.2. Gemini Spectroscopy

Archival GEMINI NIR-spectroscopic observations were
found in CADC for region 1 of the arc. The spectrum was
obtained using the cross-dispersed (XD) mode of the Gemini
Near-IR Spectrograph on the 8.1 m Gemini-North telescope on
the night of 2014 May 10 (under PI: Jane Rigby program ID:
XGN-2014A-C-3) with the “short blue” camera, 32 l/mm
grating and ´0. 68 slit. The slit used in this XD mode is ´7 in
length and the orientation was with a position angle (PA) of
89°.7 in region 1. The telescope was nodded (typically ´3. 5
distant) in an ABBA-type pattern. We took the raw and
calibration data from the CADC and reduced them using the
Gemini IRAF package version v1.13.1 and following Mason
et al. (2015) and the instruction on the Reducing XD spectra

Figure 1. RGB image of the Cosmic Eyebrow with the HST/WFC3 filters, blue
F390W, green F606W, and red F160W. North is up; east is left. Red contours
are WISE channel 4 and black (green) circles represent SCUBA-2 450 (850)
μm detections. Crosses are the centroids of theWISE and SCUBA-2 detections,
and they are within 1 arcsec from the HST main source of the arc. Capital
letters indicate the six families of multiply lensed background galaxies used to
perform a mass reconstruction of the foreground galaxy cluster (see the text).

Figure 2. (a) Imaging of the Cosmic Eyebrow with HST (left column), WISE
(middle column), and SCUBA-2 (right column). The circles represent the
counterpart of the Planck source in the related imaging. North is up; east is left.
(b) GTC g-band imaging of the Cosmic Eyebrow. We show the orientation of
the long slit (slit width of ´0. 8) for our spectroscopic observations. Spectra were
extracted from the two encircled regions of the arc. North is up; east is left.

7 http://www.cadc-ccda.hia-iha.nrc-cnrc.gc.ca/en/
8 http://sundog.stsci.edu/first/catalogs.html
9 http://vizier.u-strasbg.fr/viz-bin/VizieR
10 http://archive.stsci.edu/
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webpage from GEMINI observatory.11 The total integration
time for the spectrum was 3600 s, and two telluric stars of
spectral type A0V were observed immediately before and after
the galaxy. Only in the K band have we found useful data with
a clear detection of aH in emission. In the inset of Figure 3, we
show the spectrum near the Hα emission line from which we
obtain a redshift of = oz 2.0439 0.0006 in agreement with
the rest-frame UV-spectrum. This redshift is consistent with the
value published in Oguri et al. (2012; »z 2.04) for a source
coincident in position with the lensed galaxy.

4. Analysis and Discussion

4.1. Lens Modeling

We have used Lenstool12 (Kneib et al. 1993; Jullo et al.
2007) to perform a mass reconstruction of the foreground
cluster, assuming a parametric model for the distribution of
dark matter. This model was constrained using the location of
the multiple images identified in the cluster. We used a simple
model with a single cluster-scale mass component, as well as
individual galaxy-scale mass components centered on each
cluster member. For each component, we used a dual pseudo-
isothermal elliptical mass distribution (dPIE, also known as a
truncated PIEMD; Limousin et al. 2005). Sextractor and visual
inspection of the HST/WFPC3 images provided an identifica-
tion of six families of multiply lensed background galaxies,
arclets with two to six components each, based on proximity,
colors, and shape. The redshift of the family of the Cosmic
Eyebrow (A in Figure 1) was fixed at z=2.044, and for the
other families was set as a free parameter. When modeling the
lensing, the redshift of three families (B, C, and E in Figure 1)
was found very close to z=2.044, so we fixed it to z=2.044
and for only two families were the redshifts considered a free
parameter. We checked the model with the reconstruction of
the arclets, and found good agreement between the positions
for image arcs and the reconstruction of each component of the
families. The data are best fitted with a cluster-scale potential of

ellipticity e=0.226, PA =47°.00, and velocity dispersion
s = 830PIEMD km s−1. The enclosed mass within an aperture of
250 kpc is = o ´ :M M1.8 0.5 1014 with an Einstein radius
of q = o ´11. 0. 4e at z=2.044. The amplification is obtained
from the comparison between the main characteristic of the
galaxies in the source plane and in the image plane; we find an
amplification factor of 11±2 for the two main members of the
Cosmic Eyebrow family, which are our spectroscopy regions
on the arc indicated in Figure 2. The mean amplification factors
for each family with z=2.044 are A~ o11 2, B ~ o7 2, C
~ o14 2, and E~ o7 2. The largest amplification is for the
brightest member of family C ~ o20 2; for the other two
families the mean amplification factors are D ~ o4 2
( ~z 2.9) and F ~ o5 2 ( ~z 1.0).

4.2. SED

We plot the SED (Figure 4) assuming the lensed source in
the HST and GTC images is the counterpart of the SCUBA-2
and WISE detections (all positions coincident within 1 arcsec)
and list the photometry data in Table 1. We calculate the upper
limit for the Ks and H bands from the UKIDSS catalog13 and
for 60 and 100 μm from the IRAS Sky Survey Atlas.14 This
SED is consistent with a source at redshift = -z 2 2.5, and as
expected, it is very well fitted by the SED of the Cosmic
Eyelash in that redshift range. At all frequencies from optical to
radio, the Cosmic Eyebrow is brighter than the Cosmic
Eyelash.
We calculate the rest-frame 8–1000 μm luminosity, LIR, from

direct integration of the data fit, and obtain an intrinsic luminosity
for our galaxy = o ´ :( ) ( )L LEyebrow 1.3 0.1 1013 , indicat-
ing an SFR of~ -

:M2000 yr 1 (Kennicutt 1998), which assumes

Figure 3. GTC/OSIRIS spectra of the two regions (up) and for the each
individual regions (both downshifted for clarity). We mark the positions of the
absorption features identified in the spectra. For comparison, we show
the composite spectrum of LBGs from Shapley et al. (2003). We also show in
the inset the Gemini spectrum for region 1 and mark the emission lines we
identify; the Hα emission line yields a redshift for the source of z=2.0439.

Figure 4. Multi-wavelength spectral energy distribution of the Cosmic
Eyebrow. The SED of the Cosmic Eyelash shifted to z=2.044 is consistent
with the measurements of the galaxy at all frequencies from the optical to the
radio.

11 http://www.gemini.edu/sciops/instruments/gnirs
12 https://projets.lam.fr/projects/lenstool/wiki

13 http://wsa.roe.ac.uk/
14 http://irsa.ipac.caltech.edu/applications/IRAS/ISSA/
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The observed L0CO is the largest together with two other
Planck-selected lensed SMGs, PJ160917.8 at z = 3.2 (Har-
rington et al. 2018) and PLCK G145.2+50.9 at z = 3.6
(Cañameras et al. 2015), see Fig. 5. At redshift z = 2,
the peak epoch of star-formation and black hole activity
(e.g., Madau & Dickinson 2014), the CO(3-2) luminosity
of WISE J132934.18+224327.3 is unseen (Fig. 6).

Figure 5. Relation between FWHM of the CO(3-2) line and
L0CO(3�2) high-redshift galaxies. The two CO(3-2) images of the
Cosmic Eyebrow are shown as red filled large stars and the
Cosmic Eyelash (Danielson et al. 2011) as sky blue filled star.
The color-coding used for the compilation from literature in
the figure is as follows: intermediate-z ULIRGs (black filled tri-
angle: Magdis et al. 2014), normal SFGs (black filled square:
Daddi et al. 2015; Arabsalmani et al. 2018), non-lensed SMGs
(black filled circles from Bothwell et al. 2013), Herschel-selected
lensed SMGs (magenta filled circles: Riechers 2013; Yang et al.
2017), SPT-selected lensed SMG (gold filled circle: Strandet et
al. 2017), Planck-selected SMGs from Harrington et al. (2016,
green filled circles) and Cañameras et al. (2015, blue filled cir-
cles). References for sources can be found in section 4. The
solid line shows the relation from Bothwell et al. (2013). The
dashed line assumes this relation including a magnification fac-
tor of 10.

4.5. Molecular gas mass

The CO(1-0) line emission is optically thick and can be
assumed to trace the spatial extent and bulk of molecular
ISM gas mass. Thus, we derive the molecular gas mass
directly from the CO(1-0) observations. Although there
exists commonly used conversions between higher-J tran-
sition and CO(1-0) for SMG (Bothwell et al. 2013), the
Cosmic Eyebrow is a good example that covering the low-
est CO transitions (J2) is indispensable in order to obtain

Figure 6. L0CO as function of redshift. The bright component
of the Cosmic Eyebrow is by far the brightest source at redshift
z = 2. At redshifts beyond z = 3.5 CO(3-2) observations of non-
/lensed SMGs are rather sparse (same encoding as in Fig. 5).

Figure 7. The velocity-integrated intensity ICO as function of
redshift. The bright component of the Cosmic Eyebrow is by far
the brightest source in CO(3-2) in the intermediate- and high-z
universe (same encoding as in Fig. 5).

an accurate measurement of the total cold molecular gas
mass (Fig. 8). The derived star-formation e�ciency of
our source (Fig. 9) suggests to use the CO luminosity to
molecular gas-mass conversion factor ↵CO = 0.8 M� pc�2

(K km s�1)�1, a commonly used value for merger-induced
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Cosmic Eyebrow is a good example that covering the low-
est CO transitions (J2) is indispensable in order to obtain

Figure 6. L0CO as function of redshift. The bright component
of the Cosmic Eyebrow is by far the brightest source at redshift
z = 2. At redshifts beyond z = 3.5 CO(3-2) observations of non-
/lensed SMGs are rather sparse (same encoding as in Fig. 5).

Figure 7. The velocity-integrated intensity ICO as function of
redshift. The bright component of the Cosmic Eyebrow is by far
the brightest source in CO(3-2) in the intermediate- and high-z
universe (same encoding as in Fig. 5).

an accurate measurement of the total cold molecular gas
mass (Fig. 8). The derived star-formation e�ciency of
our source (Fig. 9) suggests to use the CO luminosity to
molecular gas-mass conversion factor ↵CO = 0.8 M� pc�2

(K km s�1)�1, a commonly used value for merger-induced
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al. 2010). Within 1 arcsec of the position of the SCUBA-
2 submillimeter source, we find in the HST-ACS images
a lensed, arc-like galaxy, split into two sources. Low-
resolution rest-frame UV-optical spectroscopy of this lensed
galaxy obtained with the 10.4 m GTC revealed the typical
absorption lines of a starburst galaxy at z = 2.0448±0.0004
(D́ıaz-Sánchez et al. 2017). Archival Gemini-N near-IR
spectroscopy provided a clear detection of H↵ emission at
z = 2.0439 ± 0.0006. We determined an intrinsic rest-
frame 8�1000 µm luminosity, LIR of (1.3±0.1)⇥1013 L�
and a likely star-formation rate (SFR) of ⇠2000 M� yr�1,
taking into account a lensing amplification factor of 11± 2
calculated with Lenstool (Kneib et al. 1993; Jullo et al.
2007). At all frequencies from the optical to the radio, the
spectral energy distribution (SED) of P1329+2243 shows a
remarkable similarity to the Cosmic Eyelash but is brighter
(up to a factor 4) than the Cosmic Eyelash, and thus it
is one of the brightest high-z lensed SMGs ever detected.
In this paper, we present our cold molecular gas follow-up
of WISE J132934.18+224327.3 with the NOEMA inter-
ferometer and two single dish telescopes, the Green Bank
Telescope (GBT) and the IRAM 30m telescope. In sec-
tion 2, we present the observations and in section 3 the
results. In section 4, we discuss the properties of our tar-
get and conclude in section 5. We adopt a flat ⇤CDM
cosmology from Planck Collaboration et al. (2014) with
H0 = 68 km s�1 Mpc�1, ⌦m = 0.31, ⌦⇤ = 1 �⌦m,.

Figure 2. CO(3-2) spectra of both images of the Cosmic Eye-
brow — CO32-A at the top and CO32-B at the bottom —
with channel width of 50 km s�1 (⇠20 MHz). The red line
shows a gaussian fit from which we derived zCO(3�2), L0CO(3�2)

and FWHMCO(3�2). Zero velocity is based on the optical/near-
infrared determined redshift z = 2.0439 (D́ıaz-Sánchez et al.
2017).

2. OBSERVATIONS

2.1. NOEMA

Figure 3. The ⇡3000 ⇥ 3000 HST/WFC3 RGB image (blue:
F390W; green: F606W; red: F160W) of the Cosmic Eyebrow
and its environment. Several families of multiply lensed back-
ground galaxies — called A, C, E and F (see Fig. 1 in D́ıaz-
Sánchez et al. 2017) — are shown. Total intensity image of
the CO(3-2) emission is shown in red contours of the lensed
SMG WISE J132934.18+224327.3, contour levels are starting
from 3�, and �=0.003 Jy beam�1 km s�1 and then continuing
linearly with a spacing of 12.7�. In blue contours, the dust
continuum at rest-frame 870 µm is shown, contour levels are
starting from 3�, and �=0.004 mJy then continuing linearly
with a spacing of 3.3�.

On 27 August 2017 we observed P1329+2243 with
IRAM NOEMA for a total of 4.9 hours (DDT D17AA:
PI H. Dannerbauer) with eight antennae in D configu-
ration (E04W08E10N13W12N02W05N09). We used the
Wide-X receiver, o↵ering a bandwidth of 3.6 GHz, in dual
polarization mode and targeted the redshifted CO(3-2)
line at 113.599 GHz (tuning frequency). The phase cen-
ter is RAJ2000 =13:29:34.03 and DecJ2000 = +22:43:25.5.
Our observations cover the frequency range from 111.8 to
115.4 GHz, including the CS(7-6) line (342.883 GHz in the
rest-frame), expected to lie at 112.790 GHz. The data
were calibrated through observations of standard bandpass
(3C279), phase/amplitude (1328+307) and flux calibra-
tors (MWC349, 1328+307) and reduced with the GILDAS
software packages CLIC and MAPPING. Using the decon-
volution algorithm/method HOGBOM, we have ”cleaned”
the ”dirty map” of the NOEMA observations. The FWHM
of the synthesized beam is 3.008 ⇥ 2.008 at 113.6 GHz. The
field of view respectively the full width at half power of the
primary beam (largest scale to be detected) is 44.004⇥44.004,
and includes several families of multiply lensed background
galaxies – called A, C, E and F (see Fig. 1 in D́ıaz-Sánchez

CO(3-2)
dust 3mm
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Why ATCA

•currently only with ATCA it is possible to detect CO(1-0) of 
galaxies at z=2 in the southern sky – band 1 @ ALMA

•especially work by B. Emonts on HzRGs showed that this kind of 
work should be feasible

•CO(1-0) transition is indispensable to measure the total cold 
molecular gas reservoir, the fuel of star formation

•should be sensitive to low-surface brightness emission

•combine with high-J CO transitions from ALMA

3468 B. H. C. Emonts et al.

Figure 2. Channel maps of the CO(1–0) emission in regions A and B, highlighting a gradient in the gas kinematics. Contour levels of the CO(1–0) emission
(red) are 3.0, 3.8 and 4.5σ (with σ = 0.085 mJy beam−1; Section 2). No negative features are present in these channels at the same level (−3σ ). The radio
continuum (black contours), beam-size and redshift are the same as in Fig. 1.

(see Fig. 1, though note that the large ATCA beam prevents us
from spatially resolving the individual galaxies in our CO data).
Fig. 1 also shows indications for an extension (‘tail’) of the CO(1–
0) emission beyond region A (stretching up to 100 kpc NE of the
radio core), but this tail is detected only at a 3σ level and thus needs
to be verified. We have started an observational programme to verify
the distribution and kinematics of the CO(1–0) emission at higher
sensitivity and spatial resolution (results will be reported in a future
paper).

In addition, the double-peaked CO(1–0) profile spreads over
1700 km s−1 (FWZI). This is extreme compared to what is found for
quasars and submm-galaxies (see Coppin et al. 2008; Wang et al.
2010; Ivison et al. 2011; Riechers et al. 2011; Bothwell et al. 2013;
Krips, Neri & Cox 2012 and references therein). A few notable
exceptions are high-z systems in which the broad CO profiles arise
from merging galaxies (Salomé et al. 2012 and references therein).
As can be seen in Fig. 1 (bottom right), the double-peaked CO
profile resembles the velocity distribution of optical line emitters
detected in the Spiderweb proto-cluster (Kuiper et al. 2011), be it
with a lower velocity dispersion of the CO gas, in particular on the
blueshifted side.

These results thus indicate that a significant fraction of the CO(1–
0) detected in the Spiderweb Galaxy likely originates from (merg-
ing) satellites of the central radio galaxy, or the intergalactic medium
(IGM) between them.

Our results also suggests that the redshift of the central radio
galaxy is associated with the red peak of the CO(1–0) profile, giv-
ing zCO(1–0) = 2.161 ± 0.001. Kuiper et al. (2011) discuss that de-
termining the redshift from optical and UV rest-frame emission
lines is bound to a much larger uncertainty, but they derive 2.158 <

z < 2.170, which is in agreement with our estimated zCO(1–0).

3.1 HAE 229

Fig. 3 shows that also the dusty star-forming galaxy HAE 229
(M⋆ ∼ 5 × 1011 M⊙; Kurk et al. 2004; Doherty et al. 2010) is
detected in CO(1–0) at 3.7σ significance. We derive L′

CO = 3.3 ±
0.2 × 1010 K km s−1 pc2 for HAE 229. Table 1 summarizes the
CO(1–0) properties. HAE 229 is located 250 kpc (30 arcsec) West
of MRC 1138−262, i.e. outside the giant Lyα halo. The CO(1–
0) signal peaks at v = −1354 km s−1, which agrees with the Hα

redshift from Kurk et al. (2004). None of the other line-emitting

Figure 3. Left: the Spiderweb Galaxy and HAE 229. Shown is a zoom-out of Fig. 1 (left) including the CO(1–0) contours of HAE 229 (purple) 250 kpc to
the West. The light-blue contours indicate the extent of the Lyα halo that encompasses the Spiderweb Galaxy (from Miley et al. 2006, see also Pentericci et al.
1997). The red and blue contours are the same as in Fig. 1 (2.8, 3.5, 4.2 and 5.0σ ), with σ the noise level at the phase centre (centred on the Spiderweb Galaxy).
The dark-red and dark-blue contours are the corresponding negative signal (present only at −2.8σ at a significant distance from the phase centre, where the
noise increases due to correction of the signal for primary-beam attenuation). Contour levels of the CO(1–0) in HAE 229 are −2.8 (grey), 2.8 and 3.5σ (purple),
derived across the velocity range indicated by the purple bar in the spectrum on the right (−1618 < v < −1100 km s−1; σ = 0.048 Jy beam−1 × km s−1).
For HAE 229, σ is the local rms noise (i.e. 30 arcsec from the phase centre) in the primary-beam-corrected total intensity CO image. The dashed partial circle
on the right shows the FWHM of the primary beam (i.e. the effective field of view) of our observations. The small arrows indicate the location of a peak in
24 µm emission that coincides with HAE 229 (data from De Breuck et al. 2010). Right: CO(1–0) spectrum of HAE 229. The systemic velocity, as derived
from optical emission lines, is also indicated (Kurk et al. 2004). Note that the higher noise in this spectrum compared to the spectra of Fig. 1 is a result of the
primary-beam correction.
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z =	2.16
(23%	of	age	Universe)

25 kpc

Carilli et al 1997

HzRG:	MRC1138-262	alias	Spiderweb	Galaxy
→will	evolve	into	a	Brightest	Cluster	Galaxy

Miley	et	al.	2006	(Credits:	NASA,	ESA,	George	Miley	and	Roderik	Overzier	(Leiden	Observatory,	NL)
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Figure 8. Spatial distribution with respect to the Spiderweb galaxy as shown by the star symbol in the centre. Large filled and small open squares are HAEs
and HAE candidates, respectively. Symbol colours of HAEs indicate their rest-frameU �V colours. Red circles and black crosses indicate DRGnIR and X-ray
sources, respectively. The colour map in background shows the excess of surface number densities based on the 5th neighbour analysis.
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Figure 9. Rest-frameU�V colours as a function of surface number densities
of HAEs (from the left, ⌃5th ph-Mpc�2 and distance from the Spiderweb
radio galaxy, dRG ph-Mpc). The symbols are the same as in fig. 7. Solid
and dashed lines indicate median values and 68th percentiles distributions
of rest-frame U �V colour of HAEs with respect to each axis.

the central system. PKS 1138 is also known to have filamentary
structures on the east side (Croft et al. 2005; Koyama et al. 2013a)
which are aligned along the line of sight as well (Shimakawa et al.
2014). The most compact group in this region can be seen at four
co-Mpc away eastward from the radio galaxy. This compact group
involves four HAEs (#25,26,27,29) within only 60 ph-kpc distance
and has a 3.6� source detection (5.0±1.4 mJy) at LABOCA 870 µm
(#DKB12 in Dannerbauer et al. 2014). The peak density of passive
galaxy candidates selected as DRGs is slightly shifted towards the
east direction, though more spectroscopic identifications are needed
to confirm this sub-structure.

We then estimate the rest-frame UV J colours, and associated
errors, of HAEs using the EAZY code (Brammer et al. 2008, 2011),
and then investigate colour dependence on the local scale. The rest

U, V , J photometries roughly correspond to Y , H , and 3.6 µm
bands, respectively.

Fig. 9 shows the surface number densities vs. the rest-frame
U � V colours of HAEs. We explore the colour dependence on
local environments with di�erent density measurements, i.e., the
surface densities including 5th neighbours, and distance from the
radio galaxy (dRG). We find no clear correlation between U � V
colours and local densities of HAEs within the protocluster, which is
unchanged when we use ⌃3th or ⌃10th for the density measurement.
These results are inconsistent with the concentration of redder HAEs
towards the protocluster centre as reported by Koyama et al. (2013a).
However, Koyama et al. (2013a) investigated the colour dependence
of HAEs in an area twice as large as our survey field, and their results
are enhanced by the absence of red HAEs in these outer regions.
We therefore conclude that the inconsistency between this work and
Koyama et al. (2013a) is due to the insu�ciently large survey area
in this work to confirm the finding of Koyama et al. (2013a).

We then characterise HAEs on the rest-frame UV J plane
(fig. 10). The shallow depths of the IRAC bands (m3� ⇠ 21.5 AB),
mean that only 32 percent of the entire HAE sample are detected at
IRAC bands at a more than two sigma confidence level. These IRAC
detected HAEs are shown by the filled symbols in fig. 10. Typical
errors are �(U � V ) = 0.31 dex and �(V � J) = 0.29 dex, respec-
tively. The remainder are indicated by open symbols and have rest
J-band magnitudes estimated from the extrapolated SED spectra.
Uncertainties of rest V � J colours in these non-IRAC detections
would be ⇠ 0.6 dex according to the EAZY code.

As a result, we find that rest-frame UV J colours of HAEs agree
with those of the star-forming population (Williams et al. 2009)
within the margin of error. Despite the significant uncertainties of
individual colours, HAEs hosting bright X-ray AGNs tend to have
redder rest-frame U � V colours, which agree with the findings by
Krishnan et al. (2017). More interestingly, we see that HAEs with
X-ray emissions (#40,58,68,73,95) are preferentially located near
the edge of the quiescent population. The outlier lying at the bottom
on the UV J plane (#46) is known to be an AGN (#6 in Pentericci
et al. 2002 and #215 in Kurk et al. 2004b), with very broad H↵ line

MNRAS 000, 1–20 (2018)

Shimakawa … HD et al. 2018, MNRAS

Koyama+2013



APEX LABOCA Observations

LABOCA

rms: 1.5mJy to 3.0mJy

11.0arcmin (4.7Mpc)
• 16 sources down to 4mJy (3σ)
• one of deepest LABOCA map
• overdensity factor 4 compared to 

blank fields (e.g. Weiss+09)
• consistent with SPIRE 500µm

overdensity (Rigby+14)

Dannerbauer, Kurk, De Breuck+14



H. Dannerbauer et al.: APEX LABOCA observations of the field around MRC1138−262

Fig. 9. Location of 16 SMGs extracted from our LABOCA map of the field of MRC1138 on top of the LABOCA signal-to-noise map. Blue squares
represent spectroscopically confirmed membership to the protocluster structure at z ≈ 2.2. The blue star is the SCUBA source at z = 2.149, also
detected in CO(1–0) by Emonts et al. (2013). Cyan pentagons show possible protocluster members. In the case of yellow circles, no reliable
judgment on the cluster membership can be made. Red crosses are sources that can be securely excluded from the protocluster. The large circle
has a diameter of ∼240′′ (corresponding to a physical size 2 Mpc) and shows the region where all eight SMGs at z = 2.2 are located. The SMG
overdensity is at least a factor four higher than compared to blank fields (Weiß et al. 2009) and not centered on the radio galaxy MRC1138
(DKB07). The spatial distribution of the SMG overdensity seems to be similar to the north-east and south-east filament-like structure traced by
HAEs (plus symbols Kurk et al. 2004b; Koyama et al. 2013a) and in contrast to the location of passive quiescent galaxies clustered within 0.5 Mpc
around the radio galaxy (red circles, filled if spectroscopically confirmed, see Tanaka et al. 2013). In addition, we show the fields of view of our
Spitzer IRAC/MIPS, VLT FORS and Subaru MOIRCS datasets. North is at the top and east is to the left.

• In total, we detected 16 SMGs – 12 solid 3.5σ and 4 cross-
identified tentative detections – with flux densities in the
range 3–11 mJy. This is approximately a factor up to four
more than expected from blank field surveys such as LESS
(Weiß et al. 2009), – based on six sources with S 870 µm >
7 mJy and >3.7σ significance level. This excess is consistent
with the excess of SPIRE 500 µm sources found by Rigby
et al. (2014) at larger scales.
• Based on VLA 1.4 GHz, Herschel, Spitzer MIPS and Subaru

rest-frame Hα imaging at z ∼ 2.2, we have identified the
counterparts of the LABOCA sources and derived reliable
FIR photometric redshifts. 55% of the SMGs with z ≈ 2.2
Hα imaging coverage are associated with HAEs. NIR spec-
troscopic observations with VLT ISAAC and SINFONI have

confirmed redshift to be z = 2.16 for four of these SMG
counterparts. Including the radio galaxy, five out of 16 SMGs
are secure protocluster members at z ≈ 2.2. Another two
SMGs have photometric redshifts suggesting that they are
possible protocluster members. Our data excludes the proto-
cluster membership for three SMGs. For the remaining six
SMGs we do not have enough data to make a robust judge-
ment on their protocluster membership.
• We associate the spectroscopically confirmed HAE229

(Kurk et al. 2004b) at z = 2.149, recently detected in
CO(1–0) Emonts et al. (2013), with a SCUBA source
(Stevens et al. 2003). This source is detected in Herschel
bands and the FIR photo-z is consistent with its spectro-
scopic redshift. Thus, we conclude that this CO-bright HAE

A55, page 17 of 19

Proto-Cluster Membership

Dannerbauer et al. (2014)

rather accretion 
than in-situ formation

APEX

APEX

LABOCA
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VLA sees only 
~33% of ATCA flux!!

low-surface-brightness emission!

Spiderweb Galaxy: Cold Molecular IGM 

Emonts … HD et al. 2016, Science



SW condensed directly from the cold gas

 
 

Fig. 3. Distribution and kinematics of the CO-emitting gas. Maps of 12CO (J=1→0) detected 
with the Australia Telescope Compact Array at different velocities, increasing in each panel A-L. 
Blue CO contour levels are at -3.5σ, -2.5σ (both dashed), 2.5σ, 3.5σ, 4.5σ (all solid), where 
σ=0.085 mJy beam-1. The background grey-scale image was taken with the Hubble Space 
Telescope Advanced Camera for Surveys through the F475W-filter. This HST image is placed on 
a logarithmic scale to show the extended rest-frame ultraviolet light from in-situ star formation 
discovered in earlier work (16). We downloaded these data from the HST Legacy Archive and 
re-processed them by applying a 5×5-pixel boxcar-smooth to highlight the low surface-
brightness ultraviolet emission. Red contours show the radio-continuum source from Fig. 1. The 
beam-size of the CO data is visualized with the dashed ellipse in panel A. The positional 
accuracy of the CO peaks is ~0.5" for a 4.5σ signal (supplementary online text). The CO signal 
is not entirely independent across adjacent panels because of the applied Hanning smooth (12). 
Velocities are with respect to z = 2.161 (12). Coordinates are given in epoch J2000. 
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recycled gas!

Narayanan et al. 2015



Extended Cold IGM4 B. Emonts et al.

Figure 2. Channels maps of the [C i] 3P1-
3P0 emission (blue contours) over-plotted on an HST/ACS F475W+F814W image (Miley et al.

2006). The magenta contours show the CO(1-0) emission previously detected with the ATCA (EM16). The CO(1-0) emission is only
shown in those channels where it is reliably detected. The most important features seen in [C i] and CO(1-0) are also detected in CO(4-3),
as shown by the insets (black contours). All data-sets were binned to a velocity resolution of 90 km s�1, and the central velocity of each
channel is indicated. Contour levels of [C i] and CO(4-3) start at 2 � and increase in factor 1.5, with �=0.07 mJybeam�1 (corresponding
negative contours are shown in grey). CO(1-0) contour levels are at 2, 3, 4, 5�, with �=0.086 mJybeam�1. The red contours indicate
the 36 GHz radio continuum source (EM16). The ALMA and ATCA beams are shown in the bottom-left corner of the top-left plot.

Figure 3. Emission on 17-70 kpc scales in the IGM of the Spider-
web Galaxy. The spectra were extracted by tapering the various
data sets to ⇠800 (⇠70 kpc) and subtracting the central 200 spec-
tra of MRC1138-262 (Fig. 1). For the subtraction of the CO(1-
0) spectrum of MRC1138-262, we used the average between the
untapered ATCA spectrum shown in Fig. 1 and a tapered high-
resolution VLA spectrum from EM16, as explained in Table 1.
The horizontal bar indicates the conservative velocity range over
which we detect all three molecular tracers in the IGM, which we
used to determine the line intensities and ratios.

and to a first order also the excitation conditions, of the
molecular gas in both the IGM and proto-cluster galax-
ies. Fig. 4 (top) shows that the values for L0[CI]/L0CO(4�3)

spread across a large range of values (see also Walter
et al. 2011; Alaghband-Zadeh et al. 2013; Bothwell et al.
2017). When instead comparing the ground-transitions of
[C i] 3P1-

3P0 and CO(1-0), Fig. 4 (bottom) shows that both
the relative [C i] brightness L0[CI]/L0CO(1�0) and gas exci-

tation L0CO(4�3)/L0CO(1�0) are highest in the radio galaxy

MRC1138-262, and significantly lower in the IGM and other
proto-cluster galaxies. One explanation is that the CO(1-0)
luminosity is reduced close to the AGN, perhaps as a result
of high cosmic ray flux (Bisbas et al. 2017). Alternatively,
the [C i] luminosity depends on processes that also a↵ect the
excitation, and thus luminosity, of the high-J CO lines.

4.1 The nature of the cold IGM in the Spiderweb

Figure 4 shows that the excitation conditions of the IGM
in the halo of the Spiderweb Galaxy, as approximated by
L0CO(4�3)/L0CO(1�0) , are similar to those of the proto-cluster

galaxies, as well as star-forming galaxies at low-z. We derive
something similar for the [C i] abundance; in Table 1 we
give the total mass of molecular gas in the IGM (17�70
kpc) as MH2 (IGM) ⇠ 1.0±0.4⇥1011 (↵CO/4) M� (Solomon &
Vanden Bout 2005). The total mass of [C i] in the IGM is
M[CI] ⇠ 8.9±1.4 ⇥106 M� (Weiß et al. 2005), assuming an
excitation temperature of Tex ⇠ 30K. These mass estimates
result in a [C i] abundance of X[CI]/XH2 =M[CI]/(6MH2) ⇠
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Figure 12. Multi-faces of the Spiderweb galaxy (20 arcsec on a side in each image). (a) The left panel shows NB2071 image (grey scale) and line-subtracted
Ks image (orange contour). The first contour is 1.5 sigma background rms. (b) The middle panel is an RGB image from F475W and F814W photometry with
HST. White contours are based on the NB2071 image, and the first contour corresponds to 1.5 rms in the background. (c) The right panel represents the surface
brightness of narrow-band flux (SBNB) where the continuum is subtracted (eq. 3). 1 sigma error is 3.2 ⇥ 10�17 erg s�1cm�2arcsec�2 for a given pixel2 area.

pointed out by previous work (e.g., Springel et al. 2005b; Croton
et al. 2006; Bower et al. 2006; Somerville et al. 2008; van de
Voort et al. 2011b; Page et al. 2012; Kormendy & Ho 2013; Cicone
et al. 2014; Genzel et al. 2014). If a significant number of massive
forming galaxies are subject to the influence of such strong feedback,
we could explain the rapidly declining star formation around the
distant cluster centres since z ⇠ 2 (Smail et al. 2014; Shimakawa
et al. 2014; Clements et al. 2014; Kato et al. 2016).

We should note that the derived AGN fraction among HAEs
is the minimum fraction inferred from the Chandra X-ray data. Our
previous spectroscopic analyses (Shimakawa et al. 2015) indicate
that another three sources (#14,30,54) might also be AGNs because
of their high [N��]/ H↵ line ratios (> 0.5), although the spectral data
are obtained with low spectral resolution (R=513) and the derived
line ratios have substantial uncertainties (⇠ 0.2 dex). If we assume
that these HAEs also host AGNs, the AGN fractions increase to 43
and 80 percent at the stellar mass bins of 1010.5�11 and 1011�11.5

M� respectively. Such a surprisingly high AGN fraction implies
that massive star-forming galaxies in PKS 1138 may mostly host
AGNs and could have a considerable impact on the current galaxy
evolution paradigm.

The most energetic source present is the Spiderweb radio
galaxy. We identified the enormous H↵ structure extending over
100 ph-kpc associated with this massive system. The spatial extent
broadly agrees with previous findings which have reported an ex-
tended component in the Ly↵ line (Gopal-Krishna & Wiita 2000;
Kurk et al. 2002), X-ray (Carilli et al. 2002), UV (Pentericci et al.
1998; Hatch et al. 2008), and the CO(1�0) line (Emonts et al. 2016).
The Spiderweb galaxy is also known to be a composite of active
star formation and AGN (Ogle et al. 2012; Drouart et al. 2014). The
starburst component has SFR of ⇠ 1400 M� yr�1 (Seymour et al.
2012; Rawlings et al. 2013; Dannerbauer et al. 2014), supported by
a rich gas reservoir of ⇠ 6 ⇥ 1010 M� (Emonts et al. 2013, 2016;
Gullberg et al. 2016). This monster galaxy is expected to grow into
a brightest cluster galaxy, as seen in the local Universe (Hatch et al.
2009). The large H↵ nebula could show the occurrence of a pre-
heating event in the proto-intercluster medium (Babul et al. 2002;
Dubois et al. 2011, 2012; Valentino et al. 2016), though there is still
much debate about heating mechanisms of the intercluster medium
at high redshifts (McNamara & Nulsen 2007; Kravtsov & Borgani
2012).

Lastly, the very high X-ray fraction in massive HAEs cautions

the possibility that the narrow-band HAE selection may overesti-
mate an AGN fraction, especially at the massive end. Sobral et al.
(2016) have shown that the AGN fraction reaches ⇠ 100 percent
in HAEs with quite luminous H↵ luminosities (> 1043.5 erg s�1

without dust correction), and AGNs typically contribute 15 per-
cent of the total H↵ luminosity. Similarly, we confirm that the top
three HAEs with high observed narrow-band luminosities (> 1043

erg s�1 without dust correction) host X-ray AGNs while the other
three HAEs do not have distinctive narrow-band fluxes. Moreover,
AGNs are expected to enhance [N��] line flux (Baldwin et al. 1981;
Veilleux & Osterbrock 1987) and this can additionally increase the
narrow-band flux and EWNB. For instance, for a given H↵ luminos-
ity, an increase of log [N��]/ H↵ ratio from �0.5 to 0 raises EWNB
by 0.18 dex. These contaminations may cause the serious selection
bias in the sense that the narrow-band selection preferentially de-
tect AGN-hosting HAEs. In particular, our current analyses cannot
rule out the possibility that we are missing massive dusty starburst
populations which would have faint observed H↵ luminosities and
low EWNB due to heavy dust obscuration. Even if we miss a few
dust- obscured objects, this factor can substantially decrease the
bright-end AGN fraction. A wide-field spectroscopic search at the
IR to radio regime with e.g., ALMA and JWST is highly desirable
to clarify this selection issue.

5 SUMMARY

In this second instalment of the MDCS campaign, we investi-
gate HAEs associated with one of the most studied protoclusters,
PKS 1138 at z = 2.2. Using the advanced dataset we construct sam-
ples of HAEs associated with the Spiderweb protocluster; these con-
sist of 68 HAEs (36 confirmed with spec-z and 32 selected by Bz0Ks

colour) and 13 HAE candidates. 17 and 9 objects amongst them are
newly-discovered HAEs and HAE candidates by this work, respec-
tively. The online catalogue (appendix C) lists coordinates, confir-
mation status, physical properties, and rest-frame UV J colours of
the HAE samples. The major findings are summarised as follows.

— We investigate the stellar mass distribution function of HAEs
in PKS 1138, including the completeness correction derived using
a Monte Carlo simulation. We then identify the high cut-o� stellar
mass of log(M?/M�) = 11.73 ± 0.76 and find that the number
density is about ten times higher over the survey area than that in
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Fig. 2. X00 ⇥ X00 cutouts of HAE229: top left HST F814W; top right VLT HAWK-I Y; bottom left VLT HAWK-I H; bottom right VLT HAWK-I
Ks. The Y-band image supports the HST morphology and no o↵set is detected between the rest-frame UV and rest-frame optical regions.

Stevens et al. (2003). Again, in its SED, HAE229 appears typical
of dusty distant galaxies. Integrating the infrared emission from
40-1000 µm, gives a star formation rate, SFRIR=555 M� yr�1.

5. Discussion

5.1. The Nature of HAE229

To summarize, in extremely deep data with the ATCA, we have
found a very extended, multi-component massive disk of cold
gas in a galaxy in the protocluster environment of the power-
ful radio galaxy, MRC1138�262. The galaxy is already mas-
sive, having a few 1011 M� in stars and because it is a luminous
CO(1-0) emitter, it must have a similar mass in cold molecular
gas. What is the nature of this galaxy? Being in a protoclustered
environment, does this a↵ect any of its properties?

A key question is the nature of star formation, its domi-
nating mode. A long-lasting mode is observed in spirals/disks
while shorter, starburst modes, most probably triggered by ma-
jor merger events, are also observed in distant galaxies. Up to
now, in clusters in formation beyond z = 2 cold molecular gas
reservoirs are only detected in mergers (Hodge et al. 2012, 2013;
Ivison et al. 2013; Riechers et al. 2010; Tadaki et al. 2014; Wal-
ter et al. 2012). Very recently, Chapman et al. (2015) report the
blind detection of star forming molecular gas via the CO(3-2)
transition of the extremely red, main sequence galaxy DRG55
in the protocluster structure HS1700+64. This source emits H↵
in excess (Chapman et al. 2015). Another four UV-selected nor-
mal SFGs are detected in CO(3-2) (Tacconi et al. 2013). Thus,
detecting CO(1-0) of a normal, star forming galaxy in a cluster
system caught in formation is still novel. Main reason is the lack
of systematic, targeted CO studies of galaxy cluster members
up to now. HAE229 has an exquisite multi-wavelength coverage
which enables us to investigate the nature of this galaxy in de-
tail. Based on the literature and our own observations we collect

�������

Fig. 3. CO(1-0) spectrum of HAE 229 from data taken with the com-
pact hybrid ATCA configurations (for which the signal is spatially un-
resolved). The red line shows a Gaussian fit from which we derived z,
L0CO(1�0) and FWHMCO(1�0).

a large list of fluxes ranging from the optical to the radio, see Ta-
ble 2 and Fig. 5. In addition, we compile a table of measured and
calculated properties of HAE229 such as luminosities, masses
and (specific) star formation rates, see Table 3. Both tables are
the base for the discussion of the properties of HAE229 in this
section.

5.1.1. The molecular gas in HAE229

We have determined that it is rich in molecular gas, but how rich
is di�cult to determine given the uncertainty in determining the
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Figure 2. Channel maps of the CO(1–0) emission in regions A and B, highlighting a gradient in the gas kinematics. Contour levels of the CO(1–0) emission
(red) are 3.0, 3.8 and 4.5σ (with σ = 0.085 mJy beam−1; Section 2). No negative features are present in these channels at the same level (−3σ ). The radio
continuum (black contours), beam-size and redshift are the same as in Fig. 1.

(see Fig. 1, though note that the large ATCA beam prevents us
from spatially resolving the individual galaxies in our CO data).
Fig. 1 also shows indications for an extension (‘tail’) of the CO(1–
0) emission beyond region A (stretching up to 100 kpc NE of the
radio core), but this tail is detected only at a 3σ level and thus needs
to be verified. We have started an observational programme to verify
the distribution and kinematics of the CO(1–0) emission at higher
sensitivity and spatial resolution (results will be reported in a future
paper).

In addition, the double-peaked CO(1–0) profile spreads over
1700 km s−1 (FWZI). This is extreme compared to what is found for
quasars and submm-galaxies (see Coppin et al. 2008; Wang et al.
2010; Ivison et al. 2011; Riechers et al. 2011; Bothwell et al. 2013;
Krips, Neri & Cox 2012 and references therein). A few notable
exceptions are high-z systems in which the broad CO profiles arise
from merging galaxies (Salomé et al. 2012 and references therein).
As can be seen in Fig. 1 (bottom right), the double-peaked CO
profile resembles the velocity distribution of optical line emitters
detected in the Spiderweb proto-cluster (Kuiper et al. 2011), be it
with a lower velocity dispersion of the CO gas, in particular on the
blueshifted side.

These results thus indicate that a significant fraction of the CO(1–
0) detected in the Spiderweb Galaxy likely originates from (merg-
ing) satellites of the central radio galaxy, or the intergalactic medium
(IGM) between them.

Our results also suggests that the redshift of the central radio
galaxy is associated with the red peak of the CO(1–0) profile, giv-
ing zCO(1–0) = 2.161 ± 0.001. Kuiper et al. (2011) discuss that de-
termining the redshift from optical and UV rest-frame emission
lines is bound to a much larger uncertainty, but they derive 2.158 <

z < 2.170, which is in agreement with our estimated zCO(1–0).

3.1 HAE 229

Fig. 3 shows that also the dusty star-forming galaxy HAE 229
(M⋆ ∼ 5 × 1011 M⊙; Kurk et al. 2004; Doherty et al. 2010) is
detected in CO(1–0) at 3.7σ significance. We derive L′

CO = 3.3 ±
0.2 × 1010 K km s−1 pc2 for HAE 229. Table 1 summarizes the
CO(1–0) properties. HAE 229 is located 250 kpc (30 arcsec) West
of MRC 1138−262, i.e. outside the giant Lyα halo. The CO(1–
0) signal peaks at v = −1354 km s−1, which agrees with the Hα

redshift from Kurk et al. (2004). None of the other line-emitting

Figure 3. Left: the Spiderweb Galaxy and HAE 229. Shown is a zoom-out of Fig. 1 (left) including the CO(1–0) contours of HAE 229 (purple) 250 kpc to
the West. The light-blue contours indicate the extent of the Lyα halo that encompasses the Spiderweb Galaxy (from Miley et al. 2006, see also Pentericci et al.
1997). The red and blue contours are the same as in Fig. 1 (2.8, 3.5, 4.2 and 5.0σ ), with σ the noise level at the phase centre (centred on the Spiderweb Galaxy).
The dark-red and dark-blue contours are the corresponding negative signal (present only at −2.8σ at a significant distance from the phase centre, where the
noise increases due to correction of the signal for primary-beam attenuation). Contour levels of the CO(1–0) in HAE 229 are −2.8 (grey), 2.8 and 3.5σ (purple),
derived across the velocity range indicated by the purple bar in the spectrum on the right (−1618 < v < −1100 km s−1; σ = 0.048 Jy beam−1 × km s−1).
For HAE 229, σ is the local rms noise (i.e. 30 arcsec from the phase centre) in the primary-beam-corrected total intensity CO image. The dashed partial circle
on the right shows the FWHM of the primary beam (i.e. the effective field of view) of our observations. The small arrows indicate the location of a peak in
24 µm emission that coincides with HAE 229 (data from De Breuck et al. 2010). Right: CO(1–0) spectrum of HAE 229. The systemic velocity, as derived
from optical emission lines, is also indicated (Kurk et al. 2004). Note that the higher noise in this spectrum compared to the spectra of Fig. 1 is a result of the
primary-beam correction.
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Fig. 1. 300 ⇥ 300 HST F814W image of the clumpy galaxy, HAE229. The
size of HAE229 is 100.2⇥000.6 (10⇥5 kpc). The regions a and b are clumpy
and knot-like whereas areas c and d have more di↵use rest-frame UV
emission morphology.

PKS 1124-186 were taken approximately every hour. An abso-
lute flux scale was determined using observations of Mars for
array configurations, H75 and H168, the ultra-compact H II re-
gion G309 for H214 and PKS 1934-638 for array configurations,
750A/D and 1.5A (Emonts et al. 2011).1 The strong radio contin-
uum of MRC 1138�262 allowed us to verify that the flux scaling
between all observations stayed within the typical 30% accuracy
for flux calibration at the ATCA. These data were reduced in
MIRIAD (Sault et al. 1995) and analysed with the KARMA soft-
ware (Gooch 1996), following the strategy described in Emonts
et al. (2013). The continuum-subtracted line-data products that
we present in this paper were weighted using a robustness pa-
rameter of +1 (Briggs 1995), binned into 34 km s�1 channels
and subsequently Hanning smoothed to an e↵ective velocity res-
olution of 68 km s�1 (equivalent to two 34 km s�1 binned chan-
nels). This procedure results in a root-mean-square noise of 0.12
mJy beam�1 per channel in the region of HAE229, after correct-
ing for the primary beam response. At the half-power point, the
synthesized beam is 400.7 ⇥ 300.1 (PA = �6�). Velocities in this
paper are defined in the optical barycentric reference frame with
respect to z= 2.1478.

3.2. HAWK-I

We mapped the field around the radio galaxy, MRC 1138�262,
with the near-infrared wide-field imager HAWK-I at the
ESO/VLT. The observations were taken in the Y-, H-, and Ks-
bands during February/March 2012, April/May/July 2013 and
January/February 2015 in service mode. The seeing was 000.4 �
000.6 during these observations. The dithered HAWK-I data were
reduced using the ESO/MVM data reduction pipeline (Vandame

1 The reason for altering the flux calibrators is that the reliability of
the absolute flux scale of PKS 1934-638 was still questionable during
the epoch 2011-2013. Mars was not always visible and G309 (with flux
bootstrapped from Uranus; Emonts et al. 2011) is fully resolved in the
longer-baseline 750A/D and 1.5A array configurations.

2004), following the standard reduction steps for near-infrared
imaging data.

4. Results

HAE229 has been observed with HST/ACS through the F475W
and F814W filters (Miley et al. 2006) and with HST/NICMOS
through the J110 and H160 filters (Zirm et al. 2008). In all of
these images, we only detect HAE229 in the ACS F814W band
(rest-frame ⇠2560Å)2. There are several regions of higher sur-
face brightness rest-frame UV emission seen in the HST im-
age (labeled a, b, c, d; Fig. 1) embedded in more di↵use,
lower surface brightness emission. Two of them, a and b, are
“clumps” of UV emission (meaning marginally extended, point-
like sources), while c and d have fainter clumps superposed on
di↵use continuum emission. The size of this clumpy galaxy —
with marginally resolved sources evident in the HST/ACS
light distribution system — is 100.2⇥000.6 (10⇥5 kpc). Despite its
clumpy structure, estimating the “Gini” coe�cient (e.g., Abra-
ham et al. 2003) of the HST F814W image of HAE229 suggests
that its light is dominated by a uniform, lower surface bright-
ness di↵use component (see Koyama et al. 2013, for details).
We detect this source in Subaru MOIRCS and VLT HAWK-I
near-infrared imagery but not in shallower HST NIR-images. At
near-infrared wavelengths, HAE229 becomes much more regu-
lar in appearance (Fig. 2). We do not see an o↵set of centers
between the rest-frame UV (⇠2560 Å) and rest-frame optical re-
gions (⇠3063 � 7300 Å) of HAE229. The comparable images
of normal SFGs (star-forming galaxies) shows that they often
consist of clumps within di↵use continuum emission similar to
what we observe for HAE229 (see the image montages in, e.g.,
Tacconi et al. 2013). In addition, the highest surface brightness
region in the near-infrared, presumably the center of mass of
the stellar component, is very red and is responsible for giving
HAE229 its overall red color. Again, this is found among many
distant disk galaxies, especially ones that are similarly massive
(e.g., Pannella et al. 2009)

The CO(1-0) transition is now robustly detected in our new
data for HAE229, with a total significance of ⇠7� (Fig. 3) We
measure a peak flux, S ⌫ = 0.57 ± 0.06 mJy beam�1, at the
position: RA2000.0 = 11:40:46.05 and Dec2000.0 = �26:29:11.2s
(Table 1). The full-width at half maximum (FWHM) of the
line is 359 ± 34 km s�1 and we obtain an integrated flux,
ICO(1�0) = 0.22± 0.03 Jy km s�1. The CO line redshift zCO(1�0) =
2.1478 ± 0.0002 agrees with the redshift estimate obtained us-
ing H↵ (Kurk et al. 2004b; Doherty et al. 2010). Both the
measured redshift and line FWHM are consistent with the re-
sults of Emonts et al. (2013) for their tentative detection. How-
ever, the flux density increased by 80%. We derive L0CO(1�0) =

5.0 ± 0.07 ⇥ 1010 K km s�1 pc2 from the current data set. We
stress that the uncertainties in the flux and luminosity estimates
are measurement errors, and do not not include the 30% uncer-
tainty in absolute flux calibration (Sect. 3.1), or potential errors
in the primary beam calibration (which may be important con-
sidering that HAE229 is located close to the edge of the primary
beam; Sect. 3.1).

The most important new finding in these deeper data is that
the emission in HAE229 appears to be very extended and ro-
tating about the center of mass as indicated in our near-infrared
imaging (Fig 4). The NE and SW side of the rotating disk are

2 We note that Koyama et al. (2013) discuss the HST F814W imaging
of 54 HAEs, one of them is HAE229.
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Fig. 2. 4.200 ⇥ 3.700 regions centered on HAE229. Top left panel: A composite 3-color image made by combining the Y-, H-, and K-band color
images taken with HAWK-I on the ESO/VLT (see text and Table 2 for details). To show the rest-frame blue and red optical morphology, we show
each color components of the composite separately, namely, Y-band (approximately rest-frame U-band, top right), H-band (approximately rest-
frame B- or V-band, bottom left) and Ks-band (approximately rest-frame R-band, bottom right). The Y-band image has a morphology similar to that
of the F814W image and no o↵set is detected between the rest-frame UV and rest-frame optical regions. Note that with increasing wavelength,
the emission becomes less clumpy, more regular and a red nucleus is evident. The dynamical center of the CO(1-0) emission corresponds
to the highest surface brightness region of the H- and Ks-band images suggesting this region is also the center of mass of the galaxy. The
bright galaxy above HAE229 in all panels lies at zphot ⇡ 0.5 (Tanaka et al. 2010).

Fig. 3. CO(1-0) spectrum of HAE229 from data taken with the com-
pact hybrid ATCA configurations (for which the signal is spatially un-
resolved). The red line shows a Gaussian fit from which we derived z,
L0CO(1�0) and FWHMCO(1�0).

separated ⇠1.800 or about ⇠15 kpc in projection, along PA ⇠
�22�. Their midpoint corresponds to the peak surface brightness
of the continuum emission in the near-infrared (within the uncer-
tainties in the astrometry of each data set; Fig 4). The position-
velocity diagram along the blue and the red velocity components
on the northeastern and southwestern sides of the disk (Fig 4)
shows a velocity gradient of ⇠200 km s�1 in projection. The most
likely explanation for the gas properties is rotation of a gaseous

disk around the centre of the stellar mass of the system. The total
CO emission is spread over a region of ⇡40 kpc in diameter and
much of the gas is well outside the lowest surface brightness stel-
lar continuum emission detected in the optical and near-infrared
imaging.

In Fig. 5, we show the rest-frame UV through the
FIR/submm SED of HAE229 (Table 2). We compared the SED
of HAE229 with those from a variety of other sources (see Pope
et al. 2008; Weiß et al. 2009; Michałowski et al. 2010; Magdis et
al. 2012; Hodge et al. 2013b; Karim et al. 2013; Swinbank et al.
2014). The far-infrared SED of HAE229 is similar to the tem-
plates which we have choosen for making our comparison. The
template of the main-sequence galaxies resembles most closely
the far-infrared SED of HAE229. Just like another protocluster
galaxy, DRG55 (Chapman et al. 2015), HAE229 is significantly
fainter at rest-frame wavelengths <⇠1 µm, demonstrating that it is
extremely red and is highly dust-enshrouded. We note that red-
shifted, z = 2.2 [CII]158 µm emission contributes to the SPIRE
500 µm flux (see also Smail et al. 2011, for a more detailed dis-
cussion of this e↵ect). The uncertainty in the SCUBA submm
flux measurements of this source are evident in the o↵set of the
di↵erent templates relative to these measurements (Stevens et
al. 2003). The SED of HAE229 appears to be typical of the gen-
eral population of dusty star-forming galaxies in the infrared and
submm. By integrating the infrared emission from 40�1000 µm,
we estimate a star-formation rate of SFRIR = 555 M� yr�1 for
HAE2293.

3 We note that if we used a Chabrier stellar initial mass function
(Chabrier 2003) instead of a Salpeter IMF, our estimated SFRIR would
be a factor of 1.8 smaller.
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Fig. 4. Overview of the CO(1-0) full-resolution ATCA data. Top left: Total intensity image of the CO(1-0) emission across the velocity ranges
-200< v< 0 km s�1 (blue contours) and 0< v< +200 km s�1 (red contours). Contours levels are 3, 4, 5, 6 � and �= 0.015 Jy beam�1 km s�1.
Following Papadopoulos et al. (2008), the relative accuracy in the position of the CO peak emission is ⇠< 0.400. The dashed circle indicates
the half-power size of the synthesized beam. Top right: Position-velocity plot of the CO(1-0) emission along the line indicated in the top-left
plot (along the NE-SW direction). Contours level shown are -4, -3, -2 (grey), 2, 3, 4, 5 (black) �. Bottom: CO(1-0) spectra of the peak
emission in the blue- and red-shifted velocity components as indicated in the plot at the top left. Note that the spectra are not mutually
independent due to the relatively large beam and due to having velocities that over-lap.

5. Discussion

In extremely deep observations with the ATCA, we have found
a very extended, massive, rotating disk of cold gas in a galaxy
embedded in the protocluster surrounding the radio galaxy,
MRC 1138�262. HAE229 has a high stellar mass, few 1011 M�,
already in place at z=2.16. Its high CO(1-0) luminosity suggests
that it has a similar mass in cold molecular gas. HAE229 is mov-
ing at high speed relative to the radio galaxy, MRC 1138�262,
over �1200 km s�1 and has a small projected separation, ⇠250
kpc (Emonts et al. 2013). Dannerbauer et al. (2014) showed that
the far-IR and sub-mm emission detected by Herschel/SPIRE
250 µm and APEX LABOCA at the position of MRC 1138�262
is extended in the direction of HAE229. Although it has a rela-
tively high velocity relative to the radio galaxy, it has a similar
velocity to other protocluster galaxies that lie to the west of the

radio galaxy (Kuiper et al. 2011), so it is likely that HAE229 is
a member of the protocluster surrounding MRC 1138�262.

HAE229 is the first CO(1-0) emitting HAE that is classified
as a disk galaxy in a (proto)cluster. This is only the fifth de-
tection of CO in an HAE residing in an overdensity at high red-
shift. For all, with one exception, DRG55 (Chapman et al. 2015),
the low-order CO transitions are detected, enabling robust esti-
mates of their total molecular gas mass to be made without sig-
nificant uncertainties due to the unknown excitation of the gas.
Three galaxies with possible low-order CO detections, bHAE-
191, rHAE-193, rHAE-213 (which is only tentatively detected),
reside in the protocluster USS 1558�003 at z = 2.53 (Tadaki
et al. 2014) and two of them4, bHAE-191 and rHAE-193, are
classified as mergers.

4 The third source, rHAE-213, has no reliable FIR-measurements.
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Table A.1. CO observations of z > 0.4 cluster members.

Name zCO Transition ICO FWHM Telescope L0CO LIR Reference
(Jy km0) (km s�1 (1010 K km s�1 pc2) (1012)

Cluster Cl0024+16 at z = 0.40
MIPS J002652.5 0.3799 1 � 0 140 ± 10 PdBI 0.64 ± 0.05 3.5 ± 0.5 Geach et al. (2011)
MIPS J002621.7 0.3803 1 � 0 144 ± 14 PdBI 0.68 ± 0.06 3.1 ± 0.2 Geach et al. (2009)
MIPS J002715.0 0.3813 1 � 0 340 ± 40 PdBI 0.26 ± 0.03 1.9 ± 0.3 Geach et al. (2011)
MIPS J002703.6 0.3956 1 � 0 250 ± 30 PdBI 0.43 ± 0.06 2.3 ± 0.3 Geach et al. (2011)
MIPS J002721.0 0.3964 1 � 0 158 ± 34 PdBI 1.14 ± 0.11 3.2 ± 0.2 Geach et al. (2009)
Cluster Cl1416+4446 at z = 0.40
GAL1416+446 0.3964 1 � 0 1.0 ± 0.1 420 ± 40 PdBI 0.81 ± 0.8 0.275 Jablonka et al. (2013)
Cluster Cl09266+1242 at z = 0.49
GAL0926+1242�A 0.4886 2 � 1 0.6 ± 0.1 420 ± 40 PdBI 0.19 ± 0.03 0.165 Jablonka et al. (2013)
GAL0926+1242�B 0.4886 2 � 1 0.5 ± 0.1 200 ± 20 PdBI 0.16 ± 0.03 0.082 Jablonka et al. (2013)
Cluster 7C 1756+6520 at z = 1.42
AGN.1317 1.4161 ± 0.0001 2 � 1 0.52 ± 0.06 254 ± 33 PdBI 1.36 ± 0.15 Casasola et al. (2013)
Cluster COSMOS at z = 1.55
51613 1.517 1 � 0 0.20 ± 0.05 200 ± 80 VLA 2.42 ± 0.58 0.57 Aravena et al. (2012)
51858 1.556 1 � 0 0.10 ± 0.03 360 ± 220 VLA 1.26 ± 0.38 0.95 Aravena et al. (2012)
protocluster MRC 1138�262 at z = 2.16
HAE229 2.1480 ± 0.0004 1 � 0 0.22 ± 0.02 359 ± 34 ATCA 5.0 ± 0.7 3.2 this paper

protocluster HATLAS J084933 at z = 2.41
HATLAS J084933 W 2.4066 ± 0.0006 1 � 0 0.49 ± 0.06 825 ± 115 VLA 13.8 ± 1.7 33.1+3.2

�2.9 Ivison et al. (2013)
HATLAS J084933 T 2.4090 ± 0.0003 1 � 0 0.56 ± 0.07 610 ± 55 VLA 15.7 ± 2.0 14.5+1.8

�1.6 Ivison et al. (2013)
HATLAS J084933 M 2.4176 ± 0.0004 1 � 0 0.057 ± 0.013 320 ± 70 VLA 1.6 ± 0.4 7.9+4.6

�2.9 Ivison et al. (2013)
HATLAS J084933 C 2.4138 ± 0.0003 1 � 0 0.079 ± 0.014 250 ± 100 VLA 2.2 ± 0.4 6.3+3.7

�2.3 Ivison et al. (2013)
protocluster USS 1558�003 at z = 2.51
rHAE�193 2.5131 1 � 0 0.096 ± 0.015 437 VLA 2.8 5.1 Tadaki et al. (2014)
bHAE�191 2.5168 1 � 0 0.052 ± 0.008 251 VLA 1.5 2.5 Tadaki et al. (2014)
protocluster B3 J2330 at z = 3.09
JVLA J233024.69+392708.6 3.0884 ± 0.0010 1 � 0 0.16 ± 0.03 720 ± 170 VLA 6.9 ± 1.5 Ivison et al. (2012)
protocluster GN20 at z = 4.05
GN20 4.0548 ± 0.0008 2 � 1 1.0 ± 0.3 310 ± 110 VLA 16.0 ± 5.0 18.6+0.9

�0.8 Hodge et al. (2012); Tan et al. (2014)
GN20.2a 4.051 ± 0.001 2 � 1 0.6 ± 0.2 830 ± 190 VLA 9.7 ± 2.9 7.9+0.4

�0.9 Hodge et al. (2013a); Tan et al. (2014)
GN20.2b 4.056 ± 0.001 2 � 1 0.3 ± 0.2 400 ± 210 VLA 4.2 ± 2.9 6.9+0.7

�1.4 Hodge et al. (2013a); Tan et al. (2014)
protocluster HDF850.1 at z = 5.18
HDF850.1 5.183 2 � 1 0.17 ± 0.04 400 ± 30 VLA 4.1 8.7 ± 1.0 Walter et al. (2012)
protocluster AzTEC-3 at z = 5.30
AzTEC�3 5.2979 ± 0.0004 2 � 1 0.23 ± 0.03 487 ± 58 VLA 5.84 ± 0.78 17 ± 8 Riechers et al. (2010)
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Fig. 8. The relationship between LIR and L0CO – the integrated Schmidt-
Kennicutt law – from our compilation of CO-bright bright galaxies
lying in overdensities or protoclusters (circles, same encoding as in
Fig. 7; Tab. A.1). The three CO-bright HAEs are indicated individu-
ally. HAE229 is clearly separated from the two other HAEs with CO
detections (Tadaki et al. 2014), potentially indicated that red and blue
HAEs have a wide range of CO luminosities. Small numbers of HAE
with CO detections prohibit us from deciding if this is a real astrophysi-
cal e↵ect. Solid and dashed lines are the best-fitting relations for normal
star-forming and starburst galaxies (Sargent et al. 2014). At least within
this small sample, no clear bi-modality in the star-formation e�ciency
is observed (cf. Daddi et al. 2010b; Genzel et al. 2010).

al. 2010a) and SMGs (Ivison et al. 2011; Bothwell et al. 2013)7.
We find that HAE229 lies on the relation of disk-like galaxies
whereas the other CO(1-0) detected HAEs (Tadaki et al. 2014)
lie on the starburst relation (Sargent et al. 2014). At infrared
luminosities below LIR = 2 ⇥ 1012 L�, almost all galaxies fol-
low the disk-like star-formation relation. Above this luminosity
both relations, “disk-like” and “starburst”, are populated. Inter-
estingly, as previously pointed out, SMGs do not follow only the
relation for ULIRGs and dusty starbursts but also lie at the re-
gion expected for disk-like galaxies (e.g., Swinbank et al. 2011;
Hodge et al. 2012), demonstrating that this source population is
not homogeneous (Hayward et al. 2011, 2012). Our analysis sug-
gests that the simple dichotomy in the galaxy population based
only on the star-formation e�ciency is perhaps more complex
than previous interpretations (e.g., Daddi et al. 2010b; Genzel et
al. 2010). We do not find a di↵erence of the LIR and L0CO rela-
tion between cluster and field galaxies. We therefore conclude,
with the present data quality, that lying in a denser environment
at high redshifts does not significantly alter the star-formation
e�ciency or the molecular gas excitation conditions in galaxies.

5.2.3. Are the environmental drivers of galaxy evolution
efficient in the early Universe?

We have found that for gas-rich galaxies with redshifts larger
than about 0.4, there does not appear to be an environmental de-

7 We note that in absence of CO(1-0) observations, Bothwell et al.
(2013) converted measurements of transitions higher or equal than
CO(2-1) into the CO(1-0) transition.

pendence for the gas content, the star-formation e�ciency, or
on excitation conditions of the di↵use molecular gas as probed
by low-order CO line transitions. This finding could be a sign
that typical physical processes in local clusters that are respon-
sible for depleting the content and altering the physical con-
ditions of the gas in galaxies, like harassment, tidal stripping,
and ram-pressure stripping (Moore et al. 1996; Vollmer et al.
2001b; Gnedin 2003a,b; Boselli & Gavazzi 2014) do not oper-
ate e�ciently at high-redshift (Jablonka et al. 2013; Husband et
al. 2016). At higher redshift, for a given cluster mass, the in-
ternal galaxy-galaxy velocity dispersions of a protocluster will
be higher than for local clusters. The galaxies surrounding the
radio galaxy have extremely high relative projected velocities,
of-order 1000 km s�1, suggesting that the protocluster is already
massive (Kuiper et al. 2011). The processes that are likely to
a↵ect both the gas content and evolution of galaxies in clus-
ters have very di↵erent dependences on the relative velocity of a
galaxy as it moves through the population of cluster galaxies and
cluster potential (e.g., Moore et al. 1996; Vollmer et al. 2001b;
Gnedin 2003a,b). Both the harassment and tidal stripping rates
are significantly lower if the galaxy, (1) has no close companions
with small relative velocity; (2) has a high velocity relative to the
mass center of the cluster; or (3) is not moving through regions
of the cluster with a high galaxy volume density. In the case of
HAE229, it has a high projected velocity relative to the radio
galaxy, which if we assume it represents the center of mass of
the cluster, implies that strong tidal stripping is very unlikely. It
is also at a relatively large projected separation, about 250 kpc.
While small compared to the likely virial radius of a massive
dark matter halo at z ⇠ 2 (see Kuiper et al. 2011, and references
therein), it means that HAE229 is not feeling the influence of the
total mass of the cluster. Also at high velocities, the timescale for
harassment by other galaxies is very short and thus unlikely to
be very e↵ective in removing gas. These e↵ects will be further
reduced if protoclusters galaxies have not yet virialized (Kuiper
et al. 2011) and at least in the case of HAE229, has yet to make
its closest approach to the center of the protocluster potential.

However, the high velocity of HAE229 relative to the radio
galaxy (⇠1200 km s�1; Emonts et al. 2013), should, in princi-
ple, lead to very e�cient ram pressure stripping. Ram pressure
stripping is proportional to average gas volume density, h⇢wiv
multiplied by the square of relative velocity of the galaxy in
the potential, v2

rel. The volume-averaged gas density,
D
⇢gas
E

v
=

�gas,v⇢gas, where �gas,v is the gas volume-filling factor and ⇢gas is
the density of the gas responsible for stripping the galaxy. The
key to ram pressure operating e↵ectively is for the gas within the
cluster potential to have both a relatively high density and high
filling factor (e.g., Gnedin 2003b, models assume a high volume
filling factor, �gas,v=1 for hot halo gas and thus neglect this term).
The ram pressure must overcome the restoring force provided by
the gravitation potential at the disks surface. The higher veloci-
ties of galaxies in high redshift (proto)clusters compared to low
redshift clusters 8, for a constant mass, suggests that the impact
of ram pressure stripping should be enhanced, not diminished
in distant clusters. Gas at high temperatures dominate the inter-

8 The cluster velocity dispersion, �, scales as the virial velocity, (G
Mv/rv)1/2, where Mv and rv are the virial mass and radius, respectively.
This relation scales as (�(z)/2)1/6 (G H(z) Mv)1/3, where the mean den-
sity of the halo is �(z) halo times the critical density, H(z) is the Hubble
constant, and G is the gravitational constant. �(z) increases slowly with
increasing z, the Hubble constant H(z) increases rapidly with z, and
thus so does the velocity of galaxies in halos of constant virial mass as
a function of redshift.
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Figure 1. Multiwavelength imaging of the z=4.05 SMG GN20. Top left: 880µm PdBI image (0.3′′×0.2′′ resolution). Contours start
at ±2σ in steps of 1σ=0.25mJy beam−1 (corresponding to a rest-frame brightness temperature of TB=0.22K). The measured peak flux
density of 3.6mJy implies TB,peak=3.2K. Top right: VLA CO(2–1) 0th moment map (H12) at the same resolution as the 880µm data.
Bottom left: 1.2mm PdBI image (0.46′′×0.35′′ resolution). Contours start at ±2σ in steps of 1σ=0.25mJy beam−1. Bottom right:
HST/WFC3 F105W image from the CANDELS survey (Grogin et al. 2011) and 1.2mm contours.

2.1. PdBI 880µm

The 880µm (170µm rest–frame) observations of GN20
(α(J2000)=12h37m11.920s, δ(J2000)=62◦22′12.0′′) were
carried out in two tracks on 2013 December 4 (C-
configuration track) and 2014 March 7 (A-configuration
track) using six antennas. The observations used the
PdBI’s Band 4, tuned to 340GHz (880µm), along with
the WideX correlator (3.6GHz bandwidth). The receiver
was operating in the upper side band. The nearby radio
quasars B1044+719 and B1418+546 were used for point-
ing, amplitude, and phase calibration, and the flux cal-
ibrators were 3C279 and MWC349 (A-track) and 3C84
and LKHα101 (C-track). We estimate the flux calibra-
tion to be good to within 20%.
The IRAM gildas package was used for data reduction

and analysis. The calibration process included two iter-
ations of phase-only self-calibration, and one iteration of
amplitude+phase self-calibration. After flagging, there
were 5.7 h/4.3 h on-source in the C/A-tracks (6-antenna
equivalent). The final map (C+A tracks; Figure 1) has
0.05′′ pixels and was created using the clean algorithm
with robust weighting and a tight clean box on the source
(cleaning down to 2σ). The image has a synthesized

beam of 0.3′′×0.2′′ and an rms of 0.25mJybeam−1. As
the source lies at the phase center of the 14.8′′ primary
beam, the map was not corrected for primary beam at-
tenuation.

2.2. PdBI 1.2mm

The 1.2mm (240µm rest–frame) PdBI observations of
GN20 (20.1” primary beam) were carried out in two
tracks on 2010 February 1 and 7 using six antennas in the
A-configuration. The 250GHz observations used the pre-
vious generation correlator, providing a total bandwidth
of 1.0GHz (dual polarization). The quasars B1044+719,
B1418+546, and B1300+580 were used for pointing, am-
plitude and phase calibration. Several standard calibra-
tors (MWC349, Titan, 3C273, 3C279, 3C345, 3C454.3,
B0234+285, B0923+392, B1055+018, B1749+096) were
observed for flux and bandpass calibration, yielding
∼15% calibration accuracy.
The data were mapped using clean with natu-

ral weighting, resulting in a synthesized beam of
0.46′′×0.35′′ (Figure 1). Weighting schemes that would
lead to higher spatial resolution were discarded due to
high noise. The final rms noise is 0.25mJy beam−1 over

typical sizes are up to 6-8 kpc

Hodge et al. 2015; Ivison et al. 2011

Dannerbauer, Lehnert, Emonts et al.: Large, massive molecular disk at z⇠2

15 kpc

Fig. 4. Overview of the CO(1-0) full-resolution ATCA data. Top left: Total intensity image of the CO(1-0) emission across the velocity ranges
-200< v< 0 km s�1 (blue contours) and 0< v< +200 km s�1 (red contours). Contours levels are 3, 4, 5, 6 � and �= 0.015 Jy beam�1 km s�1.
Following Papadopoulos et al. (2008), the relative accuracy in the position of the CO peak emission is ⇠< 0.400. The dashed circle indicates
the half-power size of the synthesized beam. Top right: Position-velocity plot of the CO(1-0) emission along the line indicated in the top-left
plot (along the NE-SW direction). Contours level shown are -4, -3, -2 (grey), 2, 3, 4, 5 (black) �. Bottom: CO(1-0) spectra of the peak
emission in the blue- and red-shifted velocity components as indicated in the plot at the top left. Note that the spectra are not mutually
independent due to the relatively large beam and due to having velocities that over-lap.

5. Discussion

In extremely deep observations with the ATCA, we have found
a very extended, massive, rotating disk of cold gas in a galaxy
embedded in the protocluster surrounding the radio galaxy,
MRC 1138�262. HAE229 has a high stellar mass, few 1011 M�,
already in place at z=2.16. Its high CO(1-0) luminosity suggests
that it has a similar mass in cold molecular gas. HAE229 is mov-
ing at high speed relative to the radio galaxy, MRC 1138�262,
over �1200 km s�1 and has a small projected separation, ⇠250
kpc (Emonts et al. 2013). Dannerbauer et al. (2014) showed that
the far-IR and sub-mm emission detected by Herschel/SPIRE
250 µm and APEX LABOCA at the position of MRC 1138�262
is extended in the direction of HAE229. Although it has a rela-
tively high velocity relative to the radio galaxy, it has a similar
velocity to other protocluster galaxies that lie to the west of the

radio galaxy (Kuiper et al. 2011), so it is likely that HAE229 is
a member of the protocluster surrounding MRC 1138�262.

HAE229 is the first CO(1-0) emitting HAE that is classified
as a disk galaxy in a (proto)cluster. This is only the fifth de-
tection of CO in an HAE residing in an overdensity at high red-
shift. For all, with one exception, DRG55 (Chapman et al. 2015),
the low-order CO transitions are detected, enabling robust esti-
mates of their total molecular gas mass to be made without sig-
nificant uncertainties due to the unknown excitation of the gas.
Three galaxies with possible low-order CO detections, bHAE-
191, rHAE-193, rHAE-213 (which is only tentatively detected),
reside in the protocluster USS 1558�003 at z = 2.53 (Tadaki
et al. 2014) and two of them4, bHAE-191 and rHAE-193, are
classified as mergers.

4 The third source, rHAE-213, has no reliable FIR-measurements.
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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 &
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EVLA imaging of CO(1–0) in submm galaxies 1917

Figure 1. CO J = 1–0 spectra and lightly CLEANed images for the SMGs in our study. On the left we show the spectra, integrated over a region of ∼3 beam
areas in the data cubes, with the corresponding PdBI CO J = 3–2 spectra from Tacconi et al. (2006) shown as dot–dashed lines, scaled by 9−1 times to be on
the same Rayleigh–Jeans Tb scale. Arrows indicate the CO J = 3–2 line centres. The CO J = 1–0 spectrum of the NE component of SMM J123707 is shown
in red. All our targets are well detected with CO J = 1–0 FWHM of ∼300–800 km s−1, marginally broader than the corresponding CO J = 3–2 emission. The
frequency range used to create the images in the right-hand panels are indicated below each spectrum. A typical ±1σ error bar is shown at the top right of each
panel. Velocities are relative to the CO J = 1–0 redshifts listed in Table 2 and the spectra have been Hanning smoothed with an four-channel triangular kernel
with 4-MHz (∼35 km s−1) spectral resolution. Right: CO J = 1–0 emission integrated over the channels indicated in the corresponding spectrum, displayed
as contours (−3, 3, 4... × σ where σ is typically ∼20 µJy beam−1), superimposed on linear grey-scales of the 1.4-GHz continuum emission. We see that all
targets are marginally or well resolved at the resolution of our map, with SMM J123707 comprising two components. The beam is shown in the bottom left
corner of each image. Insets show 6×6 arcsec2 postage stamps of CO J = 1–0 for SMM J123549 (a 220-km s−1wide bin centred at −150 km s−1, displayed
as contours, superimposed on a grey-scale of the total CO J = 1–0 emission) and SMM J123707 (contiguous 390-km s−1wide blue and red bins represented
by the contours and the underlying grey-scale, respectively, illustrating the velocity gradient across SMM J123707-NE).
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CO ATCA Legacy Archive 
of Star-Forming Galaxies

• ATCA Large Program (PI: Dannerbauer) from 04/17–09/19
• Team: Bjorn Emonts, Alaisdair Thomson, Ian Smail, Minh Huynh, James Allison, Bruno

Altieri, Itziar Aretxaga, Niel Brandt, Scott Chapman, Caitlin Casey, Jackie Champagne, Carlos
De Breuck, Guillaume Drouart, Jackie Hodge, Balt Indermuehle, Shuowen Jin, Amy Kimball,
Tadayuki Kodama, Yusei Koyama, Claudia Lagos, Matthew D. Lehnert, George Miley, Desika
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Thomson, Dannerbauer et al., in prep.

SFRD with the one from narrow-band H↵ imaging (SFRDH↵ ⇠3M� yr�1 Mpc�3; Hatch et al. (2011),
demonstrates the importance of complementary far-infrared and submm observations of optical/NIR
overdensities. Furthermore, simulations by Granato et al. (2015) show that during their early phases
of formation massive galaxy clusters do not reach FIR-luminosities high enough to explain massively
star forming clusters (cf. Clements et al. 2014; Dannerbauer et al. 2014).

Sample Selection
The investigation of the protocluster membership of our FIR-selected sources is based mainly on our
highly uncertain FIR-photometric redshifts. To improve this ALMA is vital. Within the LABOCA
field — completely covered by Herschel PACS+SPIRE imaging — we have 25 DSFGs with a 500 µm
flux density > 18 mJy (LIR ⇠> 1012.4 L�) and a FIR based photo-z (including Spitzer, Herschel
PACS+SPIRE and LABOCA) in the range 1.9 < z < 2.5 (see Rigby et al. 2014; Dannerbauer et al.
2014). For nine additional LABOCA/Herschel sources we cannot exclude membership based on the
data in hand (including all sky WISE), thus high-resolution ALMA data are crucial for the proper
identification. We have already started follow-up spectroscopic work of four DSFGs candidate cluster
members (LABOCA selected) with VLT ISAAC and ATCA. For all of these sources, we successfully
detected H↵ line emission, all in the range 2.154 < z < 2.170. ATCA low-resolution (FWHM=600 )
observations (70 hrs.) of the cold molecular gas (via CO(1-0)) in March 2015 confirmed their cluster
membership, supporting strongly the robustness of our selection, see Fig. 2a. Another SMG in this
field, detected at 850 µm (Stevens et al. 2003), has a counterpart (HAE229) exhibiting H↵ and
CO(1-0) emission at z = 2.15 (Emonts et al. 2013; Dannerbauer et al to be submitted; Fig. 2ab).
These five cluster members are all gas-rich and have gas fractions of > 30%. However, only
ALMA is capable to trace CO for the remaining fainter ones and to obtain for our
complete sample highly resolved, subarcsec accurate data, indispensable for a proper
identification in HST and VLT/Subaru data.
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Figure 2: ALMA targets — Left: ATCA CO(1-0) observations of MRC1138DSFG01 confirming its protocluster
membership. Right: ATCA CO(1-0) 1d spectrum of the SMG bright H↵ emitter #229 alias MRC1138DSFG08
extracted from the peak position. The velocity o↵set is centered on the CO spectroscopic redshift zCO = 2.1480. The
red-lines show the best-fitting gaussian profile (Dannerbauer et al., to be submitted).

Research Goals
We aim to detect CO(4–3)+CI lines of 25 secure and candidate FIR-bright members in the field of
the Spiderweb protocluster at 200 resolution (C36-1). We will also acquire the 870 µmdust continuum
of these sources plus nine sources with unknown membership at 0.200 resolution (C36-4) in order to
determine the dust location, size and morphology. With this revolutionary dataset we will:

• Confirm protocluster membership of highly dust–rich galaxies: The large beam width of
the LABOCA and SPIRE data makes it extremely di�cult to reliably cross–identify such selected
sources with our existing imaging datasets from HST and VLT/Subaru. These proposed observations
will provide position accuracy of subarcsec, together with improved resolution, enabling precise iden-
tification work. The 870 µmdust continuum observations will be crucial to shed light on their nature
of the nine sources with unknown membership. Furthermore, only mm-interferometric observations
of the molecular gas can unambiguously confirm the cluster membership of our secure and candidate
cluster members. Thus, by tuning to the CO(4–3) line at z = 2.16 (the redshift of the HzRG) we

3

5

present — both to the general public and the scientific community — the collaboration, the aims, results and
discoveries of our research. Furthermore, we will use this media to exchange information and data between the
collaboration and several team members will give public talks world-wide.

9 Figures
Figure 1: LIR versus L

0
CO for SMGs (red),

ULIRGs (black) and normal massive star-
forming or “BzK” (green) galaxies with
CO(1-0) measurements (Ivison+ 2011).
ULIRGs and SMGs may lie marginally o↵
the trend of low-luminosity galaxies. Ar-
rows show the mean decrease in L

0
CO if

a high-J CO line (J � 3) was used in-
stead. This proposal targets CO(1-0)
to remove biases introduced by higher
transition lines.
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Figure 2: Two secure ATCA’s CO(1-0) detection from our Large Program. Upper panel: Protocluster member DKB15
at z = 2.16. Lower panel: ALESS22.1 at z = 2.26. In addition, we show an IRAC color image and overplot the CO(1-0)
contours.
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Conclusion
•LABOCA (submm) imaging seems to be a good way to search 
for overdensities/large scale structures

•two large molecular gas reservoirs discovered, unseen before 

•BCG in formation seems to condensed from cold gas cloud

•our results suggest that environment does not impact the 
“star-formation efficiency” or the molecular gas content of 
high-redshift galaxies.

•ATCA LP molecular gas follow-up z=2 cluster&field galaxies
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