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Motivation

Several questions and issues can be adressed by submm/mm observations:
•understand assembly and formation of massive galaxies

•search for links within the galaxy zoo

•are infrared luminous galaxies disappearing at redshift z>3-4

•star-forming history (SFR vs z) --- which fraction is obscured?

•formation of first galaxy (proto)clusters and their evolution

Observations in the submm and mm window give us access to probe
two important components of star-forming galaxies:
1) dust: proportional to the rate of star formation
2) gas: primary ingredient of star formation

both are major goals of current and planned (sub)mm facilities!



3
Dole et al.(2006)

Obscured Star Formation
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FIG. 3.ÈEvolution of the luminosity density at rest-frame wavelengths of 0.15 (dotted line), 0.28 (solid line), 0.44 (short-dashed line), 1.0 (long-dashed line),
and 2.2 (dot-dashed line) km. Data points with error bars are taken from et al. ( Ðlled dots at 0.28, 0.44, and 1.0 km), et al. (emptyLilly (1996) Connolly (1997)
squares at 0.28 and 0.44 km), et al. and ( Ðlled squares at 0.15 km), et al. (empty triangles at 0.44 km), and etMadau (1996) Madau (1997a) Ellis (1996) Gardner
al. (empty dot at 2.2 km). Inset in the upper right-hand corner of the plot shows the SFR density yr~1 Mpc~3) vs. redshift which was used as input(1997) (M

_to the population synthesis code. The model assumes a Salpeter IMF, SMC-type dust in a foreground screen, and a universal E(B[V ) \ 0.1.

mass density produced at time t is

o
s
(t) \ (1 [ R)
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t
SFR(t)dt , (5)

where R is the mass fraction of a generation of stars that is
returned to the interstellar medium, RB 0.3, 0.15, and 0.2
for a Salpeter, x \ 1.7, and Scalo IMF, Inrespectively.6
computing the time evolution of the spectrophotometric
properties of a stellar population in comoving volumes
large enough to be representative of the universe as a whole,
our Ðrst task is to relate the observed UV emission to a SFR
density. We assume a universal IMF and Ðt a smooth func-
tion to the UV continuum emissivity at various redshifts. By
construction, all models will then produce, to within the
errors, the right amount of ultraviolet light. We then use
Bruzual-CharlotÏs synthesis code to predict the cosmic
emission history at long wavelengths.

In one of the scenarios discussed in the next section, the
e†ect of dust attenuation will be taken into account by
multiplying by a time-independent termequation (4) pesc,equal to the fraction of emitted photons which are not
absorbed by dust. For purposes of illustration, we assume a
foreground screen model, and SMC-typepesc \ exp ([ql)

6 To compute the return fraction R we have adopted the semiempirical
initial-Ðnal mass relation of for stars with initial massesWeidemann (1987)
between 1 and 8 Stars with M [ 10 have been assumed to returnM

_
. M

_all but a 1.4 remnant.M
_

This should only be regarded as an approximationdust.7
since hot stars can be heavily embedded in dust within
star-forming regions, there will be variety of extinction laws,
and the dust content of galaxies will evolve with redshift.
While the existing data are too sparse to warrant a more
elaborate analysis, this simple approximation well high-
lights the main features and assumptions of the model. It is
possible to gauge the luminosity-weighted amount of dust
extinction at the present epoch by looking at the observed
local far-infrared luminosity density. For normal galaxies,
the emissivity from 8 to 115 km is estimated from the IRAS
survey to be around 30% of their integrated emission in the
B-band et al. Assuming that a negligible(Saunders 1990).
fraction of the ionizing Ñux emerges in nebular lines, and a
Salpeter IMF, this value implies a small luminosity-
weighted color excess, E(B[V ) B 0.012 The(qBB 0.025).

Kinney, & Storchi-Bergmann empiricalCalzetti, (1994)
extinction law for starbursts, normalized to A(V )/
E(B[V ) \ 4.88, yields a mean dust opacity that is similarly
low.

4.1. Salpeter IMF
shows the model predictions for the evolution ofFigure 3

at rest-frame ultraviolet to near-infrared frequencies. Theol
7 Since what is relevant here is the absorption opacity, we have multi-

plied the extinction optical depth by a factor of 0.6, as the albedo of dust
grains is known to approach asymptotically 0.4È0.5 at ultraviolet wave-
lengths (e.g., Pei 1992).

Cosmological evolution of the cosmic star-
formation rate density

based on HST UV/optical/NIR imaging

Bouwens et al.(2011)
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brighter limit, which more closely represents the sample of galaxies actually observed in the study,
is significantly larger than for the extrapolation—nearly two times larger for the Reddy & Steidel
(2009) samples and by a lesser factor for the more distant objects from Bouwens et al. (2012a). In
our analysis of the SFRDs, we have adopted the mean extinction factors inferred by each survey
to correct the corresponding FUV luminosity densities.

Adopting a different approach, Burgarella et al. (2013) measured total UV attenuation from
the ratio of FIR to observed (uncorrected) FUV luminosity densities (Figure 8) as a function of
redshift, using FUVLFs from Cucciati et al. (2012) and Herschel FIRLFs from Gruppioni et al.
(2013). At z < 2, these estimates agree reasonably well with the measurements inferred from the
UV slope or from SED fitting. At z > 2, the FIR/FUV estimates have large uncertainties owing to
the similarly large uncertainties required to extrapolate the observed FIRLFs to a total luminosity
density. The values are larger than those for the UV-selected surveys, particularly when compared
with the UV values extrapolated to very faint luminosities. Although galaxies with lower SFRs may
have reduced extinction, purely UV-selected samples at high redshift may also be biased against
dusty star-forming galaxies. As we noted above, a robust census for star-forming galaxies at z ≫ 2
selected on the basis of dust emission alone does not exist, owing to the sensitivity limits of past
and present FIR and submillimeter observatories. Accordingly, the total amount of star formation
that is missed from UV surveys at such high redshifts remains uncertain.

Figure 9 shows the cosmic SFH from UV and IR data following the above prescriptions as
well as the best-fitting function

ψ(z) = 0.015
(1 + z)2.7

1 + [(1 + z)/2.9]5.6 M⊙ year−1 Mpc−3. (15)
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Figure 9
The history of cosmic star formation from (a) FUV, (b) IR, and (c) FUV+IR rest-frame measurements. The data points with symbols
are given in Table 1. All UV luminosities have been converted to instantaneous SFR densities using the factor KFUV = 1.15 × 10−28

(see Equation 10), valid for a Salpeter IMF. FIR luminosities (8–1,000 µm) have been converted to instantaneous SFRs using the factor
KIR = 4.5 × 10−44 (see Equation 11), also valid for a Salpeter IMF. The solid curve in the three panels plots the best-fit SFR density in
Equation 15. Abbreviations: FIR, far-infrared; FUV, far-UV; IMF, initial mass function; IR, infrared; SFR, star-formation rate.
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1998, ApJ, see also Lilly+96
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FIG. 3.ÈEvolution of the luminosity density at rest-frame wavelengths of 0.15 (dotted line), 0.28 (solid line), 0.44 (short-dashed line), 1.0 (long-dashed line),
and 2.2 (dot-dashed line) km. Data points with error bars are taken from et al. ( Ðlled dots at 0.28, 0.44, and 1.0 km), et al. (emptyLilly (1996) Connolly (1997)
squares at 0.28 and 0.44 km), et al. and ( Ðlled squares at 0.15 km), et al. (empty triangles at 0.44 km), and etMadau (1996) Madau (1997a) Ellis (1996) Gardner
al. (empty dot at 2.2 km). Inset in the upper right-hand corner of the plot shows the SFR density yr~1 Mpc~3) vs. redshift which was used as input(1997) (M

_to the population synthesis code. The model assumes a Salpeter IMF, SMC-type dust in a foreground screen, and a universal E(B[V ) \ 0.1.
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where R is the mass fraction of a generation of stars that is
returned to the interstellar medium, RB 0.3, 0.15, and 0.2
for a Salpeter, x \ 1.7, and Scalo IMF, Inrespectively.6
computing the time evolution of the spectrophotometric
properties of a stellar population in comoving volumes
large enough to be representative of the universe as a whole,
our Ðrst task is to relate the observed UV emission to a SFR
density. We assume a universal IMF and Ðt a smooth func-
tion to the UV continuum emissivity at various redshifts. By
construction, all models will then produce, to within the
errors, the right amount of ultraviolet light. We then use
Bruzual-CharlotÏs synthesis code to predict the cosmic
emission history at long wavelengths.

In one of the scenarios discussed in the next section, the
e†ect of dust attenuation will be taken into account by
multiplying by a time-independent termequation (4) pesc,equal to the fraction of emitted photons which are not
absorbed by dust. For purposes of illustration, we assume a
foreground screen model, and SMC-typepesc \ exp ([ql)
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This should only be regarded as an approximationdust.7
since hot stars can be heavily embedded in dust within
star-forming regions, there will be variety of extinction laws,
and the dust content of galaxies will evolve with redshift.
While the existing data are too sparse to warrant a more
elaborate analysis, this simple approximation well high-
lights the main features and assumptions of the model. It is
possible to gauge the luminosity-weighted amount of dust
extinction at the present epoch by looking at the observed
local far-infrared luminosity density. For normal galaxies,
the emissivity from 8 to 115 km is estimated from the IRAS
survey to be around 30% of their integrated emission in the
B-band et al. Assuming that a negligible(Saunders 1990).
fraction of the ionizing Ñux emerges in nebular lines, and a
Salpeter IMF, this value implies a small luminosity-
weighted color excess, E(B[V ) B 0.012 The(qBB 0.025).

Kinney, & Storchi-Bergmann empiricalCalzetti, (1994)
extinction law for starbursts, normalized to A(V )/
E(B[V ) \ 4.88, yields a mean dust opacity that is similarly
low.

4.1. Salpeter IMF
shows the model predictions for the evolution ofFigure 3

at rest-frame ultraviolet to near-infrared frequencies. Theol
7 Since what is relevant here is the absorption opacity, we have multi-

plied the extinction optical depth by a factor of 0.6, as the albedo of dust
grains is known to approach asymptotically 0.4È0.5 at ultraviolet wave-
lengths (e.g., Pei 1992).

Cosmological evolution of the cosmic star-
formation rate density

1998, ApJ, see also Lilly+96

based on HST UV/optical/NIR imaging

Bouwens et al.(2011)

based on 
optical/NIR survey

AA52CH10-Madau ARI 4 August 2014 10:30

brighter limit, which more closely represents the sample of galaxies actually observed in the study,
is significantly larger than for the extrapolation—nearly two times larger for the Reddy & Steidel
(2009) samples and by a lesser factor for the more distant objects from Bouwens et al. (2012a). In
our analysis of the SFRDs, we have adopted the mean extinction factors inferred by each survey
to correct the corresponding FUV luminosity densities.

Adopting a different approach, Burgarella et al. (2013) measured total UV attenuation from
the ratio of FIR to observed (uncorrected) FUV luminosity densities (Figure 8) as a function of
redshift, using FUVLFs from Cucciati et al. (2012) and Herschel FIRLFs from Gruppioni et al.
(2013). At z < 2, these estimates agree reasonably well with the measurements inferred from the
UV slope or from SED fitting. At z > 2, the FIR/FUV estimates have large uncertainties owing to
the similarly large uncertainties required to extrapolate the observed FIRLFs to a total luminosity
density. The values are larger than those for the UV-selected surveys, particularly when compared
with the UV values extrapolated to very faint luminosities. Although galaxies with lower SFRs may
have reduced extinction, purely UV-selected samples at high redshift may also be biased against
dusty star-forming galaxies. As we noted above, a robust census for star-forming galaxies at z ≫ 2
selected on the basis of dust emission alone does not exist, owing to the sensitivity limits of past
and present FIR and submillimeter observatories. Accordingly, the total amount of star formation
that is missed from UV surveys at such high redshifts remains uncertain.

Figure 9 shows the cosmic SFH from UV and IR data following the above prescriptions as
well as the best-fitting function

ψ(z) = 0.015
(1 + z)2.7

1 + [(1 + z)/2.9]5.6 M⊙ year−1 Mpc−3. (15)
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Figure 9
The history of cosmic star formation from (a) FUV, (b) IR, and (c) FUV+IR rest-frame measurements. The data points with symbols
are given in Table 1. All UV luminosities have been converted to instantaneous SFR densities using the factor KFUV = 1.15 × 10−28

(see Equation 10), valid for a Salpeter IMF. FIR luminosities (8–1,000 µm) have been converted to instantaneous SFRs using the factor
KIR = 4.5 × 10−44 (see Equation 11), also valid for a Salpeter IMF. The solid curve in the three panels plots the best-fit SFR density in
Equation 15. Abbreviations: FIR, far-infrared; FUV, far-UV; IMF, initial mass function; IR, infrared; SFR, star-formation rate.
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SPIRE 350µmC. Gruppioni et al.: ALPINE continuum luminosity function
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Fig. 11. Redshift evolution of the comoving star formation rate density (⇢SFR), obtained by integrating the modified Schechter function that best
reproduces the ALPINE total IR LF of the continuum non-target detections excluding the 5 [C II] emitters (black circles). The error-bars and the
red boxes around our data points show the 1� uncertainty range derived through the MCMC analysis of the LF. The SFRD estimates from ALPINE
(legend in the top right corner of the plot) are also shown for comparison: the blue box with blue open square represent the result obtained from
the [C II] LF of the serendipitous line emitters by Loiacono et al. (in preparation), while the yellow filled hexagons with error-bars are the values
obtained by Khusanova et al. (in preparation) from the UV+IR emission of the ALPINE targets. For comparison, estimates from other surveys
(UV: Schiminovich et al. 2005; Dahlen et al. 2007; Reddy & Steidel 2009; Cucciati et al. 2012; Schenker et al. 2013; Bouwens et al. 2015; Oesch
et al. 2018; optical/near-IR: Driver et al. 2018; Merlin et al. 2019; far-IR: Sanders et al. 2003; Takeuchi et al. 2003; Magnelli et al. 2011, 2013;
Gruppioni et al. 2013, 2015; Rowan-Robinson et al. 2016; mm: Dunlop et al. 2017; radio: Novak et al. 2017; gamma-ray bursts: Kistler et al.
2009) are also shown, as grey shaded areas and open or filled symbols, as described in the legend at the bottom of the plot. The models by Madau
& Dickinson (2014) and Béthermin et al. (2017) are shown as black dashed and orange dot-dashed curves respectively, while the prediction of the
IllustrisTNG simulation (Pillepich et al. 2018) is shown as dark-green solid curve.

found by Kennicutt (1998) to convert LIR to SFR, then ⇢IR(z) to
⇢SFR(z), for a Chabrier (2003) IMF:

SFR(M�yr�1) ' 1.09 ⇥ 10�10 LIR(L�) (5)

In Figure 11 we show ⇢SFR(z) estimated from our total IR
LF (values presented in Table 5) and compare it with results ob-
tained from previous surveys in di↵erent bands, from the op-
tical/UV to the radio (see references in the figure legend and
caption). Since our lower redshift bin is centred at z=1, our co-
moving SFRD does not show the rapid rise from z⇠0 to z⇠1
observed in other surveys. It shows however a very flat distri-
bution from z=0.5 to z=6, with no significant decrease beyond
the cosmic noon (z'1–3), as instead observed from optical/UV
surveys. Other SFRD derivation from the ALPINE collabora-
tion are shown for comparison: from the serendipitous [C II] LF
(blue box; Loiacono et al. in preparation) and from the UV+IR

SFR of the ALPINE targets (yellow filled hexagons; Khusanova
et al., in preparation), highlighted in the top right corner of the
plot. The [C II] result agrees well with our z'5 value, and also
the UV+IR target data are consistent with ours within the uncer-
tainties, though the higher redshift one is slightly lower (possibly
due to the UV selection missing highly obscured galaxies).

Our data are in very good agreement also with the far-IR
results (from Spitzer and Herschel) over the common redshift
range (e.g., 1–3: Rodighiero et al. 2010; Magnelli et al. 2011,
2013; Gruppioni et al. 2013), and in particular with the sub-mm
results of Rowan-Robinson et al. (2016) – highly debated be-
cause based on exceptional Herschel SPIRE 500-µm galaxies –
over the whole redshift range. In addition, we find a good agree-
ment with the results of Kistler et al. (2009) from gamma-ray
bursts at z>4, and with the ⇢SFR(z) derived by Novak et al. (2017)
from radio surveys at z'1–5.

Article number, page 19 of 23

Cosmological evolution of the cosmic star-
formation rate density

Gruppioni et al. 2020



Submm Universe

Dannerbauer et al.(2002,2004) BRK composite 

13 arcmin

MAMBO 1.2mm

13 arcmin

• completely different view to the universe:
-observing cool, dust enshrouded sources
-complementary to e.g., optical surveys
-interferometry needed to obtain similar resolution as in the optical

NTT Deel Field



Current (Sub)mm Telescope Facilites
on the ground



Dannerbauer et al., 2002, 2004

Ks=21.9mag (Vega)

2001 PdBI:       61hrs
2010 PdBI:         1hrs
2011 ALMA SV: 10m
2011 ALMA ES: 2.5m
2012 ALMA C1: <1m
2015 ALMA C3: <20s

Quantensprung by ALMA



Submm SurveysWeiss et al.(2009)

Blank fields

done with APEX-LABOCA 870micron – 310hrs, not feasible with ALMA

full moon size



Submm SurveysWeiss et al.(2009)

Blank fields

done with APEX-LABOCA 870micron – 310hrs, not really feasible with ALMA

full moon size

LMT

TolTEC 1.1 1.4 2mm

several square degrees large fields
will be very soon feasibleJ



Measures of the Cold Interstellar Medium
•total molecular gas: CO, [CI], dust (see e.g. Dunne et al. 2022)

•dense molecular gas, linked to SFR: HCN, HNC, HCO+

•obscured star-formation rate: dust in the (sub)mm, [CII]

•star-formation efficiency SFE=SFR/MolGas

•determining metallicity in obscured regions

•gas fraction: stellar mass (from the optical/NIR), total cold gas



SPIRE 350µm

4. Spectral Scan Results

The purpose of this section is to provide a quick overview of
some of the most prominent ISM-cooling line detections
obtained thus far with the REBELS LP observations, and to
assess how effective the observational strategy has been.

4.1. Processing of the ALMA Data and Initial Results

Here, we provide a very brief summary of the procedures
used to reduce and calibrate ALMA observations from the
REBELS program. More details will be given in S. Schouws
et al. (2022, in preparation) and Inami et al. (2022).

Reduction and calibration of data from the program were
performed using the standard ALMA calibration pipeline as
implemented in the Common Astronomy Software Applica-
tions package (CASA) version 5.6.1. Data cubes were
reimaged with the tclean task using a natural weighting to
maximize our sensitivity for detecting ISM-cooling lines in

ALMA band-5/6/7 observations obtained from the program.
Cleaning was done down to 2σ in producing the data cubes.
Line searches were performed using three different line-

search algorithms on the reduced data cubes. Searches for >5σ
lines were performed within 1” of the target center in the rest
UV. Line widths from 80 to 600 km s−1 were considered in
searching for lines throughout our data cubes. S. Schouws et al.
(2022, in preparation) will provide a detailed description of our
line search procedures and catalogs, while carefully quantifying
both the completeness and purity of the line searches.
As an illustration of the effectiveness of the spectral scans

employed in the REBELS program to date, we include in
Figure 10 the 18 [C II]158 μm lines detected with a significance
of >7σ. These lines are also presented in Table 3. Redshifts of
the detected [C II]158 μm lines range from z= 6.496 to 7.677.
The value of 7σ was adopted as the detection threshold in this
paper to keep the focus on the brightest and most significant
lines found in the survey. Details on the purity of our ISM line
searches, characteristics of the [C II]158 μm line detections, as

Figure 10. (left) Illustration of the highest-significance (�7σ) ISM-cooling lines identified to date in the REBELS program, and the band-5/6 spectral scans used to
locate these lines (Section 4.1). Shown on the figure next to the [C II]158 μm line detections are the systemic redshifts of the sources as well as an estimate of the
significance of the line detection. (right) Velocity structure of the same line detections as shown in the left panel. More details on these line detections and on the
characteristics of even fainter, lower-S/N line detections in the REBELS first-year data will be presented in S. Schouws et al. (2022, in preparation).
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The Astrophysical Journal, 931:160 (28pp), 2022 June 1 Bouwens et al.

z-spec‘s for optical/NIR selected sources via ALMA

Bouwens et al. 2022

see also Richard Bouwen’s talk 
on Friday

Stefanon et al. 2019

mainly [CII] line



FoV:11.4�

Dusty Star-Forming Galaxies (DSFGs)

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)

Greve+05

Ivison+001274 A. M. Swinbank et al.

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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alias Submillimeter Galaxies (SMGs)
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•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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Ivison+001274 A. M. Swinbank et al.

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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Table 1.

Log of SMG sample with NICMOS imaging

ID Short Name z Type F160W rnir
pet rnir

h r
opt
pet r

opt
h

(AB) (kpc) (kpc) (kpc) (kpc)

SMMJ030227.73+000653.51 CFRS03-15 1.408 SB 20.73 ± 0.02 14.4±2.0 2.8±0.4 13.1±1.5 2.3±0.5
SMMJ105158.02+571800.2 LOCKMAN-03 2.239 SB 21.58 ± 0.04 9.9±1.3 3.7±0.3 7.8±1.3 3.3±0.4
SMMJ105200.22+572420.2 LOCKMAN-08 0.689 SB 22.98 ± 0.08 5.3±0.5 2.1±0.4 5.0±1.3 2.4±0.4
SMMJ105230.73+572209.5 LOCKMAN-06 2.611 SB 22.11 ± 0.05 10.2±0.5 4.1±0.4 15.9±2.5 8.2±0.9
SMMJ105238.30+572435.8 LOCKMAN-02 3.036 SB 22.43 ± 0.08 8.6±0.6 3.2±0.4 5.7±2.0 3.7±1.0
SMMJ123553.26+621337.7 HDFN-082 2.098 SB 24.30 ± 0.21 3.1±0.2 1.6±0.4 3.7±0.4 1.9±0.5
SMMJ123600.10+620253.52 HDFN-092 2.701 SB 23.75 ± 0.16 5.0±1.5 2.9±0.4 3.6±1.2 2.4±0.4
SMMJ123600.15+621047.2 HDFN-093 1.994 SB 22.64 ± 0.08 4.2±2.0 2.3±0.4 5.0±0.8 1.5±0.4
SMMJ123606.85+621021.4 HDFN-105 2.509 SB 21.61 ± 0.03 4.2±0.5 1.7±0.5 7.6±0.5 2.7±0.4
SMMJ123616.15+621513.7 HDFN-127 2.578 SB 23.59 ± 0.10 9.7±2.0 2.1±0.6 7.6±1.2 2.0±0.4
SMMJ123622.65+621629.7 HDFN-143 2.466 SB 23.32 ± 0.09 9.7±0.4 3.9±0.4 6.1±2.0 2.3±1.0
SMMJ123629.13+621045.8 HDFN-153 1.013 SB 21.23 ± 0.03 12.0±0.9 4.5±0.4 13.8±2.5 5.6±0.9
SMMJ123632.61+620800.1 HDFN-161 1.993 AGN 22.74 ± 0.07 5.0±0.4 2.0±0.5 2.5±0.5 0.9±0.4
SMMJ123635.59+621424.1 HDFN-172 2.005 AGN 21.59 ± 0.03 9.2±0.4 3.7±0.4 10.6±1.2 1.8±0.5
SMMJ123701.59+621513.9 GN17 1.260 SB 21.50 ± 0.05 12.5±0.4 5.3±0.4 .... ....
SMMJ131201.17+424208.1 SA13-332 3.405 AGN 22.87 ± 0.08 3.3±0.4 1.3±0.4 2.2±0.4 0.4±0.4
SMMJ131225.20+424344.51 SA13-516 1.038 SB 21.46 ± 0.03 10.3±1.2 3.9±0.4 8.9±0.5 2.7±0.4
SMMJ131232.31+423949.5 SA13-570 2.320 SB 22.85 ± 0.09 7.5±0.9 2.5±0.5 3.6±1.5 1.1±1.0
SMMJ141741.81+522823.01 CFRS14-13 1.150 AGN 18.67 ± 0.02 5.6±1.5 < 1 6.6±2.0 1.0±0.4
SMMJ141800.40+522820.31 CFRS14-3 1.913 SB 22.74 ± 0.07 3.7±0.6 < 1 8.3±0.3 2.3±0.4
SMMJ163631.47+405546.9 ELAIS-13 2.283 AGN 24.47 ± 0.18 8.6±0.6 4.2±0.4 7.3±2.0 4.3±1.0
SMMJ163639.01+405635.9 ELAIS-07 1.495 SB 23.88 ± 0.09 8.3±0.7 3.0±0.4 12.7±3.0 3.6±0.8
SMMJ163650.43+405734.5 ELAIS-04 2.378 SB/AGN 21.85 ± 0.04 9.7±0.6 3.4±0.4 5.0±1.5 1.5±0.4
SMMJ163658.78+405728.1 ELAIS-08 1.190 SB 21.20 ± 0.03 9.9±0.6 3.5±0.4 6.8±2.0 1.9±0.4
SMMJ163704.34+410530.3 ELAIS-01 0.840 SB 22.36 ± 0.03 6.9±1.2 2.3±0.5 6.1±0.5 2.4±0.5

Table 1. Notes: The ID’s are taken from Chapman et al. 2005. ID’s marked with a 1 denote galaxies observed with WFPC2 in the I-band
whilst the galaxy marked by 2 denotes observations with STIS. The starburst (SB) versus AGN classification is taken from optical and
near-infrared spectroscopy from Chapman et al. (2005) and Swinbank et al. (2004). rpet and rh denote pertrosian and half light radii
respectively. SMMJ123635.59+621424.1 (GN17) is optically faint and so we have not attempted to derive petrosian and half light radii.

Table 2.

Median Morphological Parameters

Sample roptpet(kpc) rnir
pet (kpc) ropth (kpc) rnir

h (kpc) Gopt Gnir Aopt Anir ∆G ∆A

SMGs 6.9±0.7 7.7±0.6 2.3±0.3 2.8±0.4 0.69±0.03 0.56±0.02 0.27±0.03 0.25±0.02 0.13±0.04 0.02±0.03
UV-SF 6.2±0.2 6.6±0.3 1.9±0.2 2.6±0.2 0.59±0.02 0.53±0.02 0.29±0.02 0.24±0.02 0.06±0.03 0.05±0.03
High-z field 7.7±0.2 7.8±0.2 2.0±0.1 2.5±0.2 0.60±0.05 0.55±0.01 0.24±0.10 0.24±0.01 0.05±0.05 0.00±0.10

ies (e.g. Swinbank et al. 2004; Erb et al. 2006; Genzel et al.
2006; Förster Schreiber et al. 2006; Swinbank et al. 2006;
Law et al. 2007a). If the regions sampled by the Hα and CO
emission lines are the same as those seen in the rest-frame
UV/optical imaging, then this suggests that the SMGs have
surface matter densities up to an order of magnitude larger
than typical BX/BM and LBGs (see also Tacconi et al.
2008).

Using the asymmetry parameter to gauge the impor-
tance of major mergers, we find that the SMGs and UV-
SF comparison samples all have comparable asymmetries
in the optical and near-infrared, with A = 0.27 ± 0.03 and
A = 0.25 ± 0.02 in the observed I- and H-band respec-
tively. This is somewhat larger than typically measured for
spiral or elliptical galaxies in the local Universe (typically
A < 0.05), but comparable to the asymmetry measured in

local ULIRGs (A = 0.35±0.1; Conselice et al. 2003a). Over-
all, (and surprisingly) this suggests that in the the rest-frame
UV/optical morphologies, SMGs are as equally likely to ap-
pear as major mergers than lower-luminosity (and hence
more quiescent) high-redshift star-forming galaxies. How-
ever, the Gini co-efficients of the SMGs are systematically
larger than the UV-SF galaxies, suggesting less uniform star-
formation in the rest-frame UV, and possibly structured
dust obscuration (see also Law et al. 2007b).

The striking result that the SMGs have comparable
sizes and asymmetries as other high-redshift populations is
at odds with the traditional picture of SMGs which have
shown that SMGs are extended starbursts which are a result
of major mergers (e.g. Greve et al. 2005; Swinbank et al.
2006; Tacconi et al. 2008). However, many of these stud-
ies have concentrated on other multi-wavelength data (such

DSFGs resp. SMGs observable with Euclid-wide
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The Molten Ring @ z=1.48

Diaz-Sanchez, Dannerbauer, Sulzenauer et al. 2021, ApJ

(PI Graham Smith). The observation was taken with GMOS-S,
using a long slit of 1″ width, grating B600+G5323, and 2400 s
of exposure time. The long slit used in the observations can be
seen in Figure 2(b). We have processed these data, and we have
obtained the redshift of three galaxies of the cluster, including
the brightest cluster galaxy (BCG). The redshifts are shown in
Table 1. Moreover, a galaxy with the redshift z= 4.309 has
also been detected.

For the BCG, we obtain the redshift from the emission lines
[O II] λ3726, λ3729Å, [O III] λ5008Å, and Hβ, and the
absorption lines K, H, and G. For the other two bright galaxies
in the long slit, we determine the redshift from the absorption
lines K, H, and G. For the galaxy with the redshift z= 4.309
the Lyα emission line is detected with S/N∼ 15 in 20 minutes
of exposure time for two different setups of the instrument, and
it is also detected in the HST/F160W band with AB magnitude
of 25.20, which is magnified by a factor μL∼ 5 (calculated with
our lensing model in Section 4.2).

3.5. Archival X-Ray Observations

Archival Chandra observations were taken in 2008, archival
program ID 9411 (PI Graham Smith); they observed a massive
cluster of galaxies, RXC J0220.9–3829, at redshift z= 0.2287
near our galaxy cluster, ∼4 5 north. We can see in these
observations the X-ray emission coming from the galaxy cluster
Figure 4. This X-ray emission has been mistaken for a point-like
source in Wang et al. (2016) with a flux of F= 5.79×
10−14 mWm−2, but in the catalog given in Evans & Evans
(2017), there is a warning saying this is an extended source but
they give the flux with an aperture of 2 4, which is
F= 4.01× 10−14 mWm−2. We have taken the processed image

in the energy band 0.5–7.0 keV from the Chandra X-ray Center.13

In Figure 4(a) we show the smoothed image with a 2″ FWHM
Gaussian. We have made a 25″ aperture radius photometry
(Díaz-Sánchez et al. 2007), the circle in green in Figure 4(a),
and obtained a flux of F= (3.6± 0.2)× 10−13 mWm−2. We
show in Figure 4(b) the X-ray contours superimposed on the
RGB image.

4. Analysis

4.1. Galaxy Cluster

The lensed galaxy is gravitationally magnified by a massive
foreground galaxy cluster at redshift z= 0.36. We have
obtained the spectroscopic redshift of 11 galaxies of the
cluster. We have estimated the velocity dispersion of the cluster
along the line of sight from the 11 galaxy members of the
cluster with available spectroscopic redshifts (Table 1), which
is σ1D= 684 km s−1. In order to estimate the size of the cluster
we calculate the radius R200, which approximates the virial
radius, from σ1D (Díaz-Sánchez et al. 2007), and we obtain
R200= 1.39 Mpc. We use the relation given in the reference
Saro et al. (2013) between the massMcl and σ1D to calculate the
cluster mass, which gives Mcl= (3.3± 0.5)× 1014Me. Assum-
ing that the X-ray emission comes from the cluster of galaxies,
its X-ray luminosity is LX= (3.5± 0.2)× 1043 erg s−1, which
is compatible with its M200 (Eckmiller et al. 2011; Capasso
et al. 2020). We have measured the FWHM line width for two
emission lines of the BCG. For the emission line [O II] λλ3726,
3728 we obtain 373.2± 20 km s−1, for the emission line
[O III] λ5008 we obtain 379.5± 20 km s−1, and for Hβ

Figure 2. (a) 1 × 1 arcmin2 HST/WFC3 RGB image of GAL-CLUS-022058s with the filters blue F555W, green F775W, and red F160W. North is up; east is left.
Yellow contours are from the APEX/LABOCA; contour levels are for 3σ, 3.5σ, 4σ, 4.5σ, 4.8σ, and 4.9σ. (b) RGB image of GAL-CLUS-022058, which shows three
slits from the VLT/FORS MOS (marked in magenta with their measured redshifts). The long slit (marked in blue) is from GEMINI GMOS observations. The redshifts
obtained from the long slit are shown beside the galaxies in green.

13 https://cda.harvard.edu/chaser/
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source rest-frame 60 km s−1 as a compromise between sampling
of the line profile and S/N level for the full line detection. The
flux conversion factor for APEX/SEPIA180 (nFLASH230) is
38.4± 2.8 (35.0± 3.0) Jy/K. The total uncertainty of the flux
calibration is assumed to be less than 10%. Final flux
calculations and visualization (see Figures 1((b) and (c))) were
performed in Python with modules NumPy (Gommers et al.
2021) and astropy (Astropy Collaboration et al. 2018).

We have detected the CO(5–4) line emission with S/N= 6,
obtaining a redshift of z= 1.4802 with a velocity-integrated line
intensity of ICO(5−4)= 21± 4 Jy km s−1 (Figure 1(b)). The
FWHM line width for CO(5–4) is 235± 45 km s−1. We also
have a tentative detection of the CO(4–3) line with an upper
limit velocity-integrated line intensity of ICO(4−3)≈ 44 Jy km s−1

at 3σ (Figure 1(c)). At this redshift, the flux for line CO(4–3) is
shifted toward the edge of the 2 mm atmospheric window,
causing strong, asymmetric noise contamination across the
bandwidth.

3.2. Archival HST Optical and NIR Imaging

We have identified the arc structure near WISE
J022057.56–383311.4 in archival HST images taken in 2015,
proposal ID 13756 (PI Saurabh Jha), aimed at obtaining HST/
WFC3 optical and infrared imaging of a large and nearly
complete Einstein ring. The optical images were taken using
HST/WFC3/UVIS with filters F555W and F775W, with two
exposures in each filter and a total exposure time of 1227 and
1270 s, respectively, in 2015 May 15. The NIR image was
taken with HST/WFC3/IR in filter F160W, with four
exposures and a total exposure time of 2812 s in 2015 May
16. We have taken the raw data and processed them with the
WFC3 pipeline (Gennaro 2018) and IRAF package (Figure 2).
There is not yet any scientific publication related to these
archival data.

3.3. Archival VLT Spectroscopy

VLT/FORS2 observations were taken in 2008, ESO archive
program ID 081.A-0693(A) (PI Graham Smith). For this cluster
they designed a multislit mask containing 25 slits of 1 0 width

to include as many of the candidate multiple systems as
possible, with two tilted slits in the long arc structures
(Figure 2(b)). Then they carried out 3600 s of exposure time
with grism GRIS_600I+25 and 2700 s of exposure using grism
GRIS_600z+23.
We have processed and calibrated these archival data using

the IRAF package and our own specific code written in C++.
Figure 3 shows the final results for the two slits and two grisms
in the spectral region where the doublet O II λ3727, λ3729Å is
detected. We have detected this doublet in the two slits on the
arc structure and for the two grisms. From this doublet, we
obtain a spectroscopic redshift z= 1.479 for the arc structures,
which is consistent with the spectroscopic redshift obtained from
APEX observations. For slits 1 and 2, the doublet is detected in
the whole region with significant flux; it is impossible to
distinguish if it comes from the bluest or the reddest clumps on
the arc structures due to their separation (less than 1″).
Considering the sum of the flux from both slits and grisms,
we have S/N> 10 for the doublet of O II with a total exposure
time of 1.75 hr, no more lines are detected in the observed range
λobs= 6700–10600Å (or λrest= 2700–4270Å). We have mea-
sured the FWHM line width for the O II emission line (corrected
from the instrumental profile), and we obtained 120± 20 km s−1

for slit 1 and 145± 20 km s−1 for slit 2.
We have also measured redshifts for 19 more galaxies on

mask slits. We show the redshift of these galaxies in Table 1.
For galaxies with emission lines, we obtained the redshift from
the lines Hα, N II λ6585Å, and S II λ6718, λ6733Å, and for
the galaxies without emission lines, we used mainly the
absorption lines Na λ5896Å and Mg λ5177Å; the Hβ line was
used when available. For a low-redshift galaxy at z= 0.00009,
it was obtained from the absorption lines of the triplet Ca II
λ8498, λ8542, λ8662Å. A redshift of a galaxy of the cluster is
found in the literature (Guzzo et al. 2009).

3.4. Archival Gemini Spectroscopy

Spectroscopic follow-up of the cluster of galaxies, using
GMOS long slit with GEMINI-South in 2008, have been found
in the GEMINI archive, archival program ID GS-2008A-Q-5

Figure 1. (a) APEX/LABOCA signal map at 870 μm (345 GHz). We show a field of 5 × 5 arcmin2. North is up; east is left. Contour levels are 3σ, 3.5σ, 4σ, 4.5σ,
4.8σ, and 4.9σ. The beam size is also shown on the bottom left in white. (b) APEX/nFLASH230 spectrum centered at the redshifted CO(5–4) emission-line
frequencies of the lensed source, obtaining a spectroscopic redshift z = 1.4802. On the vertical axis, two representations of flux density are shown. Equally, the
horizontal axis provides information on the channel frequency and radial velocity in the rest frame of the source. Additionally, careful noise reduction is performed via
the rms selection function, and the noise content per binned channel is shown as a gray fringe along the velocity axis. S/N in units of confidence level σ is also plotted
across the radial velocity axis. Systemics uncertainty from the antenna noise, at a constant level among a single observing session, is shown in a box as 3σ error bars at
the right border, referring to the 90% quantile of the lineʼs surface density value. The data were binned in frequency to 60 km s−1 per channel. (c) APEX/SEPIA180
spectrum centered at the redshifted CO(4–3) emission-line frequencies from the lensed source, at redshift z = 1.4802. The data were further binned in frequency, to
180 km s−1 per channel, to try to increase the contrast (same notation as for the central panel).
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SPIRE 350µm
Dusty Star-Forming Galaxies (DSFGs)

stacked spectrum from 78 SPT selected lensed SMGs observed with ALMA

Reuter+22



Protocluster traced via DSFG in GOODS-N

first time protocluster density enhancement found around a SMG

1530 DADDI ET AL. Vol. 694

Figure 12. SSFR (SFR to stellar mass ratio) as a function of redshift is shown in the left panel. The right panel shows the stellar mass vs. SFR. Large solid circles are
GN20 and GN20.2a. Their stellar masses were derived through SED fitting, and typical errors are found to be of the order of 0.2 dex. The filled square (left panel)
and small crosses (right panel) refer to measurements derived for the IRAC detected, massive B-band dropout Lyman break galaxies. Stellar masses and SFRs of the
B-band dropouts were obtained through fitting of the UV to IRAC SEDs. Individual measurements are shown in the right panel, while the left panel shows B-dropout’s
average quantities with error bars showing the error in the mean of the SSFR of the ensemble and the expected range in redshift. Stacking at 850 µm and 1.4 GHz
yields upper limits on the average SFR of the order of 55 M⊙ yr−1 for the B-band dropouts, consistent with the average UV measurements. The star refers to the
average of SMGs at z ∼ 2–3 from Tacconi et al. (2006); error bars refer to the spread of properties in the sample. Filled black circles in the left panel show the average
SSFR vs. redshift at a stellar mass of 5 × 1010 M⊙ from Daddi et al. (2007a) and Elbaz et al. (2007). The dashed lines show the measured 1σ range (about 0.2 dex at
z = 0.1 and about 0.3 dex at z = 1, and 1.9 and 0.36 dex at z = 3.8). We recall that stellar masses and SFRs in this figure are shown for the Chabrier (2003) IMF.
(A color version of this figure is available in the online journal.)

Figure 13. Left panel: spectroscopic redshift distribution of GOODS-N B-band dropout Lyman break galaxies, in bins of 0.04 (solid histogram). A strong spike is seen,
coincident with the redshift of GN20 and GN20.2a (vertical dashed line). The dotted histogram shows the expected redshift distribution of B-band dropouts, based
on the simulations of Giavalisco et al. (2004b) and Lee et al. (2006). Right panel: spatial distribution in the northern corner of the GOODS-N field (about 3.′5 × 3.′5)
of zAB < 27 galaxies (small points), and B-band dropouts (crosses). The filled symbols are GN20, GN20.2a, and GN20.2b. The large circle shows a 25′′ (180 kpc)
radius area centered on GN20. The blue filled symbols are two spectroscopically confirmed galaxies at z = 4.058 (closer; this is BD29079, also shown in Figure 5)
and z = 4.047 (further).
(A color version of this figure is available in the online journal.)

this way, we estimated stellar masses and (basically UV-driven)
SFRs for each of the B-band dropout Lyman break galaxies.
Typical uncertainties from the fit amount to factors of about
2 for both quantities. From this we derive an average stellar
mass of 1.5 × 1010 M⊙ and an average SFR of 40 M⊙ yr−1.
We performed stacking at 850 µm using the SCUBA supermap
of Pope et al. (2005) and with a similar technique to that used

in Daddi et al. (2005b, 2007a). We do not detect the galaxies,
deriving a 3σ flux density limit of 0.54 mJy, corresponding to
57 M⊙ yr−1. From radio stacking, again performed with a similar
technique to Daddi et al. (2005b, 2007a), we get a tentative
detection with a peak flux of 1.7 ± 0.6µJy. The 3σ radio upper
limit corresponds to an SFR of 54 M⊙ yr−1, consistent with the
limit from submillimeter stacking. Overall, the stacking limits

Daddi, HD et al.(2009a)z=4.05 around GN20

Walter … HD +, 2012, Nature

PCL-HDF850.1 at z=5.2

2 Hodge et al.

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

Hodge…HD et al. 2015

SMG GN20 @ z=4.05
14 Rosa Calvi et al.

Figure 10. Position of the 23 sources used in the FoF analysis in right ascension and declination in degree. The sizes of the circles are
in correspondence of di↵erent stellar masses (for the SMG and the galaxies #4 we considered the highest value of M?), while the color
bar indicate the spectroscopic redshift. The dotted black ellipses enclose LAEs in the NE Clump1, south central Clump2, SE Clump3
and SW Clump4. The shaded areas indicate the pair-like system in the NE region and the central region of the overdensity around the
SMG.

mass. We separate the galaxies in two groups. The ‘red’
group with M? > 2.0 ⇥ 109M� and the ‘blue’ one with
M? < 2.0 ⇥ 109M�. Considering the schematic view of the
orbit of a galaxy in phase space diagram, we can distin-
guish several regions according to Ja↵é et al. (2015). The
SMG lies at a small projected protocluster centric radii
(Rproj/R200 ⇠ 1) and has a velocity that is remarkably sim-
ilar to the sistemic velocity of the protocluster (�v/� ⇠ 0),
indicating that it might be settling into the virial region as
the BCG of the future z = 0 cluster. A group of ‘red’ galax-
ies is close to the central region (Rproj/R200 < 2) and have
small velocities. They are approaching the virialised region
from the right side. At Rproj/R200 > 2 there is a number of
‘blue’ galaxies that are likely in groups in the outskirts of
protocluster, infalling in the main structure. We also show
in the phase-space diagram the position of galaxies at the
edge of the redshift distribution which we excluded in the
vesc calculation. They have velocities close to the vesc and
within the region enclosed by these two curves. It is very
likely that they will remain bound by the massive halos of
dark matter.

6 OVERDENSITY MASS CALCULATIONS

In our analysis we have paid particular attention to the com-
plex multi-component system in formation at z = 5.2. In
order to put this protocluster into an evolutionary context
and to compare it with other known high-z protoclusters
and with the cosmological simulations, the goal of this sec-
tion is to explore the halo mass of the whole structure and
the descendant mass at z = 0.

6.1 Halo mass

We derive the halo mass at z = 5.2 with three di↵erent
methods following Long et al. (2020). First of all, we es-
timate the total halo mass by summing the halo masses of
each individual galaxy. We excluded the galaxies #8 and #4
as we do not have any estimate of their stellar masses. The
calculation was performed using the stellar-to-halo abun-
dance matching relationship presented in Behroozi et al.
(2013). It is based on the tight connection between the stel-
lar masses of the galaxies and the masses of the underlying
dark matter halos. We estimate the MDMH ranging from
4.17⇥1010M� to 3.49⇥1012M� leading to a total halo mass

MNRAS 000, 1–20 (2020)

work extended with GTC: Calvi, HD+2021



“a non-virialized structure in the distant
universe which will finally collapse into a
typical local galaxy cluster, a virialized
system of a mass larger than 1014 Msun”
R. Overzier, 2016, A&ARv, 24, 14

„Clusters of galaxies have back-stories 
worthy of a Hollywood blockbuster: their 
existences are marked by violence, death and 
birth, arising after extragalactic pile-ups 
where groups of galaxies crashed into each 
other“
by N. Seymour in on-line journal 
The Conversation

no official definition!
Galaxy Protoclusters (Clusters in Formation)

see talks by Kodama, 
Toshikawa and Kubo on 
this topic later today

for a review on dusty protoclusters see also Alberts & Stacey 2022



Protocluster contribution to the cosmic SFRD

Chiang+2017

predictions!

still has to
be tested



Sizes What are protoclusters? 2531

Figure 1. The spatial extent of protoclusters at z = 2 (left panel), 1 (centre panel) and 0 (right panel), with final cluster masses of Mz=0
200 = 1015.4 h−1 M⊙

(top row), 1014.8 h−1 M⊙ (middle row) and 1014.0 h−1 M⊙ (bottom row). Each window is 45 × 45 h−1 Mpc comoving, which corresponds to 41 arcmin and
65 arcmin at z = 2 and z = 1, respectively (Wright 2006). Black points represent a galaxy of stellar mass greater than 108 h−1 M⊙ that will end up in the
cluster while grey points represent those that will not. (Only 25 per cent of the background galaxies, grey points, are plotted to reduce image size.) The red
circle corresponds to the z = 0 centre and comoving viral radius of the cluster.

Figure 2. The average radius that encloses 90 per cent of the stellar mass of a protocluster at different redshifts, for binned z = 0 cluster masses. The left
panel represents comoving radius, centre panel the physical radius and right panel the angular projection. Error bars represent 1 σ scatter and are offset about
the middle mass bin by δz = 0.05 for clarity. This radius is tightly correlated with the radius enclosing 90 per cent of the dark matter mass.

two curves diverge showing that the third nearest-neighbour den-
sity measure can pick out the protocluster overdensity relative to
the field for all masses. This means that measuring the environment
of low-mass galaxies around high-mass galaxies offers the oppor-
tunity to locate protoclusters in large photometric redshift surveys.

Measuring accurate environments is more difficult at high redshift
(Shattow et al. 2013) and the ability to accurately detect protoclus-
ters using this method will be explored in future work.

Finally, we look at the level of contamination associated with
the size of the aperture. As we have seen, the limitations due to

MNRAS 452, 2528–2539 (2015)
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Some facts about protocluster searches
•often targeted observations of very massive galaxies e.g HzRG

•discoveries are often serendipitous

•how they are composed? which fraction is obscured?

•dusty star forming galaxies are progenitors of elliptical galaxies which 
dominate local galaxy clusters

•up to now not too many DSFGs overdensities found through dedicated 
large (sub)mm-surveys

Figure 1: Overview of protoclusters found to date. Horizontal shaded regions show the ap-
proximate redshift ranges probed by the large numbers of (candidate) clusters and protoclus-
ters from the Clusters Around Radio Loud AGN (CARLA) project (Wylezalek et al., 2013),
the Planck-detected protocluster candidates (Planck Collaboration et al., 2015) and the HSC
selected protoclusters at z ⇠ 4 (Toshikawa et al., 2018). Vertical shaded regions indicate the
approximate redshift ranges probed by the Ly↵ narrowbands of the HSC SSP at z ⇡ 5.7
and z ⇡ 6.6 (e.g. Higuchi et al., 2018; Harikane et al., 2019). Data on low redshift clusters
selected in X-ray, Planck and SPT was taken from Bleem et al. (2015). The vertical axis does
not contain any information.

tical numbers of the rare protoclusters in a more uniform and systematic manner (see Figure 1).
Data from the HyperSuprimeCam (HSC) Subaru Systematic Program (SSP) was recently used to
select ⇠ 200 protoclusters at z ⇠ 3.8 based on high density peaks in the sky distribution of g-band
dropout galaxies (Figure 2; Toshikawa et al., 2018), exceeding the total number of protoclusters
known in this redshift range prior to this study by more than a factor of 10. HSC SSP narrow-band
filters sensitive to redshifted Ly↵ furthermore resulted in a large number of new candidate systems
at z ⇠ 6, several of which were confirmed spectroscopically (Higuchi et al., 2018; Harikane et al.,
2019). Other sources of statistical samples of protoclusters are the Clusters Around Radio-Loud
AGN (CARLA) survey, which has shown that many powerful radio-loud AGN are surrounded by
galaxy excesses (Wylezalek et al., 2013), the Planck survey which has revealed a large number of
unresolved “cold” sources associated with large overdensities of dust-obscured star-forming galax-
ies at high redshift (Planck Collaboration et al., 2015), the VIMOS Ultra Deep Survey (VUDS)
which has found several bonafide protoclusters owing to its dense spectroscopic sampling of the
cosmic web (Cucciati et al., 2014, 2018; Lemaux et al., 2014, 2018). Other recent examples of
protoclusters include several systems identified as highly clustered regions of dusty star-forming
galaxies in data from the Herschel Space Observatory and the South Pole Telescope (e.g. Miller et
al., 2018; Gómez-Guijarro et al., 2019), and large protocluster systems detected in hydrogen gas
absorption studies (e.g. Lee et al., 2016; Cai et al., 2017; Hayashino et al., 2019). The data on all
these targets span a wide range in redshift and likely include progenitors of present-day clusters
with a range of cluster mass and evolutionary states. During the next decade, systematic multi-
wavelength followup of these systems and comparison with simulations will provide a detailed
picture of cluster formation from z = 0 to the epoch of reioniation (EoR).

3

Overzier & Toshikawa 19
local galaxy cluster

number of protoclusters will increase dramatically! Euclid will be crucial

for a review on dusty protoclusters see also Alberts & Stacey (2022)



Miller et al. 2018

• formation of protocluster core
→ BCG in formation

SPT2349-56 at z=4.3

Oteo … HD et al. 2018

DRC at z=4.0

12 arcsec (100 kpc)

more than a handful 
discovered now by 
SPT-team

SFR not consistent with
simulations – but see now
work by Remus+2022

Miller et al. 2018



Could SMGs be signposts of protoclusters?
• we are using the PPM (Poisson Probability Method) cluster finder 

(Castignani et al. 2014ab), now tailored to find protoclusters
(Castignani+19)

• prior is needed, find Mpc-scale structures
• pilot study, priors are 12 SMGs with CO-spectroscopic redshifts
• using several photometric catalogues (UV-sel; opt-NIR; FIR)

SMG#1 SMG#2

• 10 of 12 SMGs are found to be located in protoclusters
• we find five new one
• in some cases mis-centering between cluster center and SMG
• apply this pilot study on forthcoming surveys such as Euclid, LSST, 

wFIRST, MOONS
Calvi, Castignani & Dannerbauer, in prep. 



Protocluster MRC1138 @ z=2.16

Kurk+2004b

Kurk+2004a

13arcsec

LAE
HAE

6.8 arcmin

SCUBA

Miley+2006

→will evolve into a BCG good example for combination of
optial/NIR & (sub)mm/FIR telescopes



Protocluster MRC1138 @ z=2.16

Kurk+2004b

13arcsec

→will evolve into a BCG

Miley+2006

Koyama+2013

10 R. Shimakawa et al.
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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



LABOCA

rms: 1.5mJy to 3.0mJy

11.0arcmin (4.7Mpc)

• 16 sources down to 4mJy (3σ)
• one of deepest LABOCA map
• overdensity at least factor 4 

compared to blank fields
• consistent with SPIRE 500µm

overdensity (Rigby+14)

APEX LABOCA Observations

Dannerbauer et al. (2014)
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COALAS survey: ATCA CO(1-0) map

Jin, HD et al., 2021

46 detections

450hrs, 13 pointing
1.8 arcmin

Jin et al.: COALAS: I. ATCA CO(1-0) survey and luminosity function in the Spiderweb protocluster at z = 2.16

4.2. Line identification and redshift distribution

In this study, all detected lines are identified as CO(1-0) at
z ⇠ 2.2. As shown in Table 3, nine sources are found with
consistent redshifts to zCO(1�0) from near-infrared spectroscopy
presented in Shimakawa et al. (2018) and/or the VLT/KMOS
observations in Pérez-Martínez et al (in prep., private consul-
tation). Regarding the remaining sources without a secure spec-
troscopic redshift, in case of higher-J CO transitions, e.g., CO(2-
1) at z = 5.3, we inspected Herschel/SPIRE images for all CO
detections and found no red colors that could suggest redshifts
beyond z = 4 � 5 (e.g., Riechers et al. 2017). On the other hand,
adopting the number density of z > 5 submillimeter galaxies in
COLDz survey (Riechers et al. 2020b), the expected number of
z > 5 galaxies is less than 1 in this field. Thus, the detection of
CO(2-1) appears very unlikely and thus cannot be used to con-
strain CO(2-1) space density at z = 5.3. We compute the CO(1-0)
luminosities L0CO(1�0), following Solomon et al. (1997), namely,

L0CO(1�0) = 3.25 ⇥ 107S�v
D2

L

(1 + z)3⌫2obs

K km s�1 pc2 (4)

where S�v is the integrated flux of the line in Jy km s�1 (cor-
rected for flux boosting, see Section 3.4), DL is the luminosity
distance in Mpc, and ⌫obs is the observed frequency.

In Fig. 4, we show the redshift and CO(1-0) luminosity dis-
tribution, respectively. The detections spread over the redshift
range z =2.09–2.22 with CO(1-0) luminosity up to L0CO(1�0) =

2 ⇥ 1011 K km s�1 pc2. Previous membership was based on
H↵ narrow-band imaging and subsequent near-infrared spec-
troscopy. Thus, the HAE redshift range of z=2.146–2.170 is a se-
lection e↵ect of the narrow band filter NB2071 (Shimakawa et al.
2018) which is limited within the redshift range of z = 2.15±0.2
and unable to probe the wider structure of Spiderweb cluster.
Strikingly, the CO emitters show an overdensity from z = 2.12–
2.21, a factor of 3.8 wider in velocity than the range traced by
the HAEs. Such an overdensity remains at z = 2.12–2.21 even if
we limit the zCO histogram to only those sources with SNR> 5.
It is independent of the rms level, line width and other proper-
ties, which are robust and unlikely to be impacted by selection
e↵ects or miss-identifications. Therefore, this indicates that this
structure has a scale of 120 co-moving Mpc (cMpc), suggest-
ing a filament and/or a super structure. We discuss this further in
Sec. 5.1.

4.3. Spatial distribution of CO emitters

In Fig. 5, we show the footprints of previous studies, including
HST I band image, Subaru MOIRCS Ks band image (Koyama
et al. 2013; Shimakawa et al. 2014) and LABOCA 870µm con-
tinuum map. In this work, using ATCA we observed an area
slightly larger than the HST F814W image, covering the major-
ity of LABOCA sources in Dannerbauer et al. (2014) and HAEs
in Koyama et al. (2013) and (Shimakawa et al. 2014). As the R200
shown in green circle, the central cluster core around MRC1138
is well covered by all observations, while the large filamentary
structure traced by HAEs is still not fully observed with ATCA.

In Fig. 6, we show the sky and velocity distributions of CO
emitters in this study. Respectively, the left panel shows the ve-
locity of CO emitters to their sky distance to the central radio
galaxy MRC1138-262 while the right panel presents the nor-
malized version. In Fig. 6-left, the CO emitters scatter largely in
view of the observer, i.e., line-of-sight velocity range of ±6500
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Fig. 4. CO luminosities vs. redshifts for CO detections in this study.
Top and right panels show the redshift and CO luminosity distribution
of our detections, respectively. In histograms, all CO emitters are shown
in red, and HAEs with CO detections are shown in blue.
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km s�1 and sky distances of 00.3–40.0 to the central galaxy. Ro-
bust sources (SNR > 5) are also found at large velocity (e.g.,
5500 km/s) and large distance (up to 30.7) to the center, which
further strengthens the large structure indicated by the large red-
shift range z = 2.12 � 2.21 of the CO overdensity (Sec. 4.2).
Meanwhile as indicated by the histogram in Fig. 6-left, 90% of
the CO emitters are found to have large distances 00.5� 40 to the
central radio galaxy. Thus the single pointings of VLA or ATCA
observations at 7mm focusing on the center radio galaxy only
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Search for large molecular gas reservoirs

Triggered systematic search for such phenomena
→Results

– 14 robust + 7 tentative candidates of large 
gas reservoirs found

– candidates locations concentrated on the
core region of the Spiderweb protocluster

– candidates tend to be located in the dense
local environment

PhD student Zhengyi Chen, 
Nanjing U + IAC

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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large molecular gas reservoirs could 
feed the ICM through truncation 

Chen, Dannerbauer et al. in prep.
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The CO LF in Spiderweb cluster is higher
than the field CO survey COLDz in 1.5—2 
order of magnitude, indicating that this
cluster has 20-60x higher H2 density than
field environment.

CO luminosity function in protocluster
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Superprotocluster or filaments

Jin et al.: COALAS: I. ATCA CO(1-0) survey and luminosity function in the Spiderweb protocluster at z = 2.16

4.2. Line identification and redshift distribution

In this study, all detected lines are identified as CO(1-0) at
z ⇠ 2.2. As shown in Table 3, nine sources are found with
consistent redshifts to zCO(1�0) from near-infrared spectroscopy
presented in Shimakawa et al. (2018) and/or the VLT/KMOS
observations in Pérez-Martínez et al (in prep., private consul-
tation). Regarding the remaining sources without a secure spec-
troscopic redshift, in case of higher-J CO transitions, e.g., CO(2-
1) at z = 5.3, we inspected Herschel/SPIRE images for all CO
detections and found no red colors that could suggest redshifts
beyond z = 4 � 5 (e.g., Riechers et al. 2017). On the other hand,
adopting the number density of z > 5 submillimeter galaxies in
COLDz survey (Riechers et al. 2020b), the expected number of
z > 5 galaxies is less than 1 in this field. Thus, the detection of
CO(2-1) appears very unlikely and thus cannot be used to con-
strain CO(2-1) space density at z = 5.3. We compute the CO(1-0)
luminosities L0CO(1�0), following Solomon et al. (1997), namely,

L0CO(1�0) = 3.25 ⇥ 107S�v
D2

L

(1 + z)3⌫2obs

K km s�1 pc2 (4)

where S�v is the integrated flux of the line in Jy km s�1 (cor-
rected for flux boosting, see Section 3.4), DL is the luminosity
distance in Mpc, and ⌫obs is the observed frequency.

In Fig. 4, we show the redshift and CO(1-0) luminosity dis-
tribution, respectively. The detections spread over the redshift
range z =2.09–2.22 with CO(1-0) luminosity up to L0CO(1�0) =

2 ⇥ 1011 K km s�1 pc2. Previous membership was based on
H↵ narrow-band imaging and subsequent near-infrared spec-
troscopy. Thus, the HAE redshift range of z=2.146–2.170 is a se-
lection e↵ect of the narrow band filter NB2071 (Shimakawa et al.
2018) which is limited within the redshift range of z = 2.15±0.2
and unable to probe the wider structure of Spiderweb cluster.
Strikingly, the CO emitters show an overdensity from z = 2.12–
2.21, a factor of 3.8 wider in velocity than the range traced by
the HAEs. Such an overdensity remains at z = 2.12–2.21 even if
we limit the zCO histogram to only those sources with SNR> 5.
It is independent of the rms level, line width and other proper-
ties, which are robust and unlikely to be impacted by selection
e↵ects or miss-identifications. Therefore, this indicates that this
structure has a scale of 120 co-moving Mpc (cMpc), suggest-
ing a filament and/or a super structure. We discuss this further in
Sec. 5.1.

4.3. Spatial distribution of CO emitters

In Fig. 5, we show the footprints of previous studies, including
HST I band image, Subaru MOIRCS Ks band image (Koyama
et al. 2013; Shimakawa et al. 2014) and LABOCA 870µm con-
tinuum map. In this work, using ATCA we observed an area
slightly larger than the HST F814W image, covering the major-
ity of LABOCA sources in Dannerbauer et al. (2014) and HAEs
in Koyama et al. (2013) and (Shimakawa et al. 2014). As the R200
shown in green circle, the central cluster core around MRC1138
is well covered by all observations, while the large filamentary
structure traced by HAEs is still not fully observed with ATCA.

In Fig. 6, we show the sky and velocity distributions of CO
emitters in this study. Respectively, the left panel shows the ve-
locity of CO emitters to their sky distance to the central radio
galaxy MRC1138-262 while the right panel presents the nor-
malized version. In Fig. 6-left, the CO emitters scatter largely in
view of the observer, i.e., line-of-sight velocity range of ±6500
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Fig. 4. CO luminosities vs. redshifts for CO detections in this study.
Top and right panels show the redshift and CO luminosity distribution
of our detections, respectively. In histograms, all CO emitters are shown
in red, and HAEs with CO detections are shown in blue.
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Fig. 5. The footprints of this work and previous studies, overlaid by CO
sources (red circles) in this work and HAEs (blue crosses) in Koyama
et al. (2013) and Shimakawa et al. (2018). The R200 radius (Shimakawa
et al. 2014) is shown in a green circle centering on the MRC1138-262.

km s�1 and sky distances of 00.3–40.0 to the central galaxy. Ro-
bust sources (SNR > 5) are also found at large velocity (e.g.,
5500 km/s) and large distance (up to 30.7) to the center, which
further strengthens the large structure indicated by the large red-
shift range z = 2.12 � 2.21 of the CO overdensity (Sec. 4.2).
Meanwhile as indicated by the histogram in Fig. 6-left, 90% of
the CO emitters are found to have large distances 00.5� 40 to the
central radio galaxy. Thus the single pointings of VLA or ATCA
observations at 7mm focusing on the center radio galaxy only
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Fig. 6. Left panel: Distribution of CO emitters vs. their sky distances to the central radio galaxy MRC1138-262. Top panel shows histogram (red)
and cumulative fraction (blue) of CO emitters as a function of the distances to the center galaxy. In the bottom panel, CO emitters are color-coded
with their SNR. Grey shaded area marks the redshift range observed by the narrow band N2071 (Shimakawa et al. 2018) of MOIRCS at Subaru.
Blue and black dashed lines mark the field of view of VLA and ATCA single pointing, respectively. Right panel: Normalized velocity vs. distance
to center galaxy for CO emitters in this study and HAEs with a spectroscopic redshift (Shimakawa et al. 2018). The normalization factors are
� = 683 km s�1 and R200 = 0.53 Mpc (Table 2 in Shimakawa et al. 2014). The two dashed curves show the escape velocity (positive and negative)
as a function of distance from the cluster mass 1.71 ⇥ 1014 M� (Shimakawa et al. 2014) using prescription in Rhee et al. (2017). Half of the CO
emitters in this work have velocities outside of the region enclosed by these two curves which are not expected to be gravitationally bound to the
central mass.

Table 4. CO surveys in high-z clusters and blank fields

Project Facility Field z CO transition Ndet,ctp Area Referencea

[arcmin2]
(High-z clusters)

COALAS ATCA Spiderweb 2.16 J=1 46 21.3 This study
– VLA CL J1001b 2.51 J=1 14 1.3 W16,18
– ALMA XMMXCS J2215.9-1738c 1.46 J=2 17 2.3 H17
– ALMA SpARCS-J0225 1.60 J=2 13 2.6 N17,19
– ALMA, VLA Cl J1449+0856 1.99 J=1,3,4 8 1.5 C18
– ALMA DRC 4.00 J=6 10 1.0 O18
– ALMA SPT2349-56 4.30 J=4 8 0.2 M18
– ALMA Spiderweb 2.16 J=3 4 0.6 T19
– ALMA USS1558-003 2.53 J=3 6 0.6 T19
– ALMA 4C23.56 2.49 J=3 6 0.6 T19
– ALMA, VLA HXMM20 2.60 J=1,3 5 0.8 GG19
– ALMA HELAISS02 2.17 J=3 3 0.6 GG19
– ALMA 4C23.56 2.49 J=4 11 0.5 L19
– ALMA SPT2349-56 4.30 J=4, [CII] 24 7.2 H20

(Blank fields)
ASPECS-pilot ALMA HUDF – J=2–4,7,8 9 1.2 D16

COLDz VLA GOODS-N,COSMOS – J=1,2 17 59.8 P18, R19
ASPECS ALMA HUDF – J=2–4 18 4.6 GL19, D19
PHIBSS2 PdBI d – J=2–6 43 130.0 L20

Notes. Ndet,ctp: Number of detection with counterpart.
a W16,18: Wang et al. (2016, 2018); H17: Hayashi et al. (2017); N17,19: Noble et al. (2017, 2019); C18: Coogan et al. (2018); O18: Oteo et al.
(2018); M18: Miller et al. (2018); T19: Tadaki et al. (2019); GG19: Gómez-Guijarro et al. (2019); L19: Lee et al. (2019); GL19: González-López
et al. (2019), D16: Decarli et al. (2016); D19: Decarli et al. (2019); L20: Lenkić et al. (2020), H20: Hill et al. (2020).
b Gómez-Guijarro et al. (2019) identified six of the 14 emitters as tentative detections. Champagne et al. (submitted) indicate a di↵erent explanation
for the CO emitters using new VLA observations.
c This cluster is also studied by Stach et al. (2017) who found 6 CO(2-1) emitters with shallower ALMA observations.
d COSMOS, GOODS-N and EGS.
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Fig. 6. Left panel: Distribution of CO emitters vs. their sky distances to the central radio galaxy MRC1138-262. Top panel shows histogram (red)
and cumulative fraction (blue) of CO emitters as a function of the distances to the center galaxy. In the bottom panel, CO emitters are color-coded
with their SNR. Grey shaded area marks the redshift range observed by the narrow band N2071 (Shimakawa et al. 2018) of MOIRCS at Subaru.
Blue and black dashed lines mark the field of view of VLA and ATCA single pointing, respectively. Right panel: Normalized velocity vs. distance
to center galaxy for CO emitters in this study and HAEs with a spectroscopic redshift (Shimakawa et al. 2018). The normalization factors are
� = 683 km s�1 and R200 = 0.53 Mpc (Table 2 in Shimakawa et al. 2014). The two dashed curves show the escape velocity (positive and negative)
as a function of distance from the cluster mass 1.71 ⇥ 1014 M� (Shimakawa et al. 2014) using prescription in Rhee et al. (2017). Half of the CO
emitters in this work have velocities outside of the region enclosed by these two curves which are not expected to be gravitationally bound to the
central mass.

Table 4. CO surveys in high-z clusters and blank fields

Project Facility Field z CO transition Ndet,ctp Area Referencea

[arcmin2]
(High-z clusters)

COALAS ATCA Spiderweb 2.16 J=1 46 21.3 This study
– VLA CL J1001b 2.51 J=1 14 1.3 W16,18
– ALMA XMMXCS J2215.9-1738c 1.46 J=2 17 2.3 H17
– ALMA SpARCS-J0225 1.60 J=2 13 2.6 N17,19
– ALMA, VLA Cl J1449+0856 1.99 J=1,3,4 8 1.5 C18
– ALMA DRC 4.00 J=6 10 1.0 O18
– ALMA SPT2349-56 4.30 J=4 8 0.2 M18
– ALMA Spiderweb 2.16 J=3 4 0.6 T19
– ALMA USS1558-003 2.53 J=3 6 0.6 T19
– ALMA 4C23.56 2.49 J=3 6 0.6 T19
– ALMA, VLA HXMM20 2.60 J=1,3 5 0.8 GG19
– ALMA HELAISS02 2.17 J=3 3 0.6 GG19
– ALMA 4C23.56 2.49 J=4 11 0.5 L19
– ALMA SPT2349-56 4.30 J=4, [CII] 24 7.2 H20

(Blank fields)
ASPECS-pilot ALMA HUDF – J=2–4,7,8 9 1.2 D16

COLDz VLA GOODS-N,COSMOS – J=1,2 17 59.8 P18, R19
ASPECS ALMA HUDF – J=2–4 18 4.6 GL19, D19
PHIBSS2 PdBI d – J=2–6 43 130.0 L20

Notes. Ndet,ctp: Number of detection with counterpart.
a W16,18: Wang et al. (2016, 2018); H17: Hayashi et al. (2017); N17,19: Noble et al. (2017, 2019); C18: Coogan et al. (2018); O18: Oteo et al.
(2018); M18: Miller et al. (2018); T19: Tadaki et al. (2019); GG19: Gómez-Guijarro et al. (2019); L19: Lee et al. (2019); GL19: González-López
et al. (2019), D16: Decarli et al. (2016); D19: Decarli et al. (2019); L20: Lenkić et al. (2020), H20: Hill et al. (2020).
b Gómez-Guijarro et al. (2019) identified six of the 14 emitters as tentative detections. Champagne et al. (submitted) indicate a di↵erent explanation
for the CO emitters using new VLA observations.
c This cluster is also studied by Stach et al. (2017) who found 6 CO(2-1) emitters with shallower ALMA observations.
d COSMOS, GOODS-N and EGS.
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VLT-KMOS spectroscopy of ~40 HAEs
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Protoclusters in Euclid
two work packages in Euclid deal with the topic protocluster

• Clusters of Galaxies Science Working Group WP11 protoclusters (co-
leads: Olga Cucciati & Helmut Dannerbauer): search for protoclusters
and conduct their study as a whole

• GAESWG Galaxy Evolution & AGN Science Working Group WP3 
Galaxy Evolution in different environments (co-leads: Manuela 
Magliocchetti & Jenny Sorce): study the environment and evolution of
protocluster galaxies



Search for Protoclusters in Euclid

Purity 83 % 
8190 detections: 3676 Clusters (45%) &
4363 Protoclusters (55%)

Expectations: Q1~200 pcl & DR1~10000 pcl

based on GAEA simulations (~22 deg2)
(Fontano+2020)

CARTHAGO developed A. Díaz-Sanchez (UCPT). Efficient algorithm using
multi-scalingTopHat convolution and FoF methods.

Díaz-Sanchez et al., in prep. (Euclid pre-launch KP)



Conclusion
• (sub)mm observations are indispensable to obtain a complete 

census of the cosmic star-formation rate density

• Euclid will be crucial to increase significantly the number of 
known galaxy clusters in formation (protoclusters)

• to get a full picture of galaxy clusters in formation and evolution
of its members complementary observations in the (sub)mm are 
indispenable

• “MOS” unit in the (sub)mm window at a big telescope is needed

• submm follow-up of pre-selected targets, can be challenging,
tedious but possibleJ


