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ABSTRACT

We report the results of the deep and wide Atacama Large Millimeter/submillimeter Array (ALMA) 1.2 mm mapping of the Spiderweb
protocluster at z = 2.16. The observations were divided into six contiguous fields covering a survey area of 19.3 arcmin2. With ⇠13h
of on-source time, the final maps in the six fields reach the 1� rms noise in a range of 40.3�57.1 µJy at a spatial resolution of 000.5�000.9.
By using di↵erent source extraction codes and careful visual inspection, we detected 47 ALMA sources at a significance higher than
4�. We constructed the di↵erential and cumulative number counts down to ⇠0.2 mJy after the correction for purity and completeness
obtained from Monte Carlo simulations. The ALMA 1.2 mm number counts of dusty star-forming galaxies (DSFGs) in the Spiderweb
protocluster are overall two times that of general fields, with some regions showing even higher overdensities (more than a factor of
three). This is consistent with the results from previous studies over a larger scale using single-dish instruments. Comparison of the
spatial distributions between di↵erent populations indicates that our ALMA sources are likely drawn from the same distribution as
CO(1–0) emitters from the COALAS large program but are distinct from that of H↵ emitters. The cosmic star formation rate density
of the ALMA sources is consistent with previous results (e.g., LABOCA 870 µm observations) after accounting for the di↵erence in
volume. We show that molecular gas masses estimates from dust measurements are not consistent with the ones derived from CO(1–0)
and thus have to be taken with caution. The multiplicity fraction of single-dish DSFGs is higher than that of the field. Moreover, two
extreme concentrations of ALMA sources were found on the outskirts of the Spiderweb protocluster, with an excess of more than
12 times that of the general fields. These results indicate that the ALMA-detected DSFGs are supplied through gas accretion along
filaments and are triggered by intense star formation by accretion shocks before falling into the cluster center. The identified two
galaxy groups are likely falling into the protocluster center and will trigger new merger events eventually, as indicated in simulations.

Key words. galaxies: evolution – galaxies: formation – galaxies: high-redshift – galaxies: clusters: individual: Spiderweb –
galaxies: starburst – submillimeter: galaxies

1. Introduction

As a result of the inhomogeneous mass assembly in the Universe,
the “cosmic web” is composed of filaments, sheets, and voids

? Corresponding author; yhzhang@pmo.ac.cn

(Bond et al. 1996). Galaxy protoclusters were formed at the
densest nodes of the cosmic web at high redshift and evolved into
mature galaxy clusters in the local Universe (Overzier 2016).
Star formation in protoclusters reached its peak at z ⇠ 2�3,
with a contribution of ⇠20% toward the cosmic star forma-
tion rate (SFR) density at the same epoch (Chiang et al. 2017).
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Fig. 1.—Dirty 1.26 mm interferometric maps for the three PdBI detections. Top to bottom: MM J120546!0741.5, MM J120539!0745.4, and MM
J120517!0743.1. Each image is 3500 " 3500 and oriented such that north is at the top and east is to the left. The plus sign indicates the phase center, placed at the
position of the millimeter source originally estimated from the bolometer map. The contour levels are spaced by 1 mJy, and the solid and dotted lines represent
positive and negative contours, respectively. The dirty beams are shown to the right; they show considerable sidelobes because of the equatorial declination.
The beam profiles for the three sources are similar because of the similar declination andUV coverage.
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Fig. 1.—Dirty 1.26 mm interferometric maps for the three PdBI detections. Top to bottom: MM J120546!0741.5, MM J120539!0745.4, and MM
J120517!0743.1. Each image is 3500 " 3500 and oriented such that north is at the top and east is to the left. The plus sign indicates the phase center, placed at the
position of the millimeter source originally estimated from the bolometer map. The contour levels are spaced by 1 mJy, and the solid and dotted lines represent
positive and negative contours, respectively. The dirty beams are shown to the right; they show considerable sidelobes because of the equatorial declination.
The beam profiles for the three sources are similar because of the similar declination andUV coverage.
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Dannerbauer et al., 2002, 2004

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

Quantensprung by ALMA



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



JWST/NIRCAM observations
Pérez-Martínez, HD et al. 2024, ApJ, 977,47 
ESA PR 12/24



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



Project History
• first idea in 2017 or even before…

• in 2017 (C-rated; no data obtained) and 2018 (rejected)
• then next try in 2021, A-rated (this time via East Asia 

time)…awarded JWST Cycle 1 proposal just a month beforeJ

• data taken in January and April 2022, in different 
configurations

• PhD student, Y. Zhang, started to work from September 2022 on
• submission of manuscript to A&A in July 2024
• acceptance in October 2024
• publication in November 2024

Ø from first proposal to publication…7 yearsJ



Proposal

NoTIME ESTIMATES OVERRIDDEN ?NONESCHEDULING TIME CONSTRAINTS

 Total # Science Goals : 6

N  
N  
N  
N  
N  
N 

1.000  
1.000  
1.000  
1.000  
1.000  
1.000 

1.000 - 0.300  
1.000 - 0.300  
1.000 - 0.300  
1.000 - 0.300  
1.000 - 0.300  
1.000 - 0.300 

6  
6  
6  
6  
6  
6 

ICRS 11:40:48.3540, -26:29:20.784  
ICRS 11:40:53.8820, -26:29:20.784  
ICRS 11:40:49.4110, -26:29:20.784  
ICRS 11:40:44.9390, -26:29:20.784  
ICRS 11:40:40.4730, -26:29:20.784  
ICRS 11:40:36.0060, -26:29:20.784 

Mosaic of MRC1138 - Field 1  
Mosaic of MRC1138 - Field 2  
Mosaic of MRC1138 - Field 3  
Mosaic of MRC1138 - Field 4  
Mosaic of MRC1138 - Field 5  
Mosaic of MRC1138 - Field 6 

ACA?LAS.(")ANG.RES.(")BANDPOSITIONSCIENCE GOAL
REPRESENTATIVE SCIENCE GOALS (UP TO FIRST 30)

DUPLICATE OBSERVATION 
JUSTIFICATION:

0.0 hESTIMATED
TP TIME:0.0 hESTIMATED

7-M TIME:24.4 hESTIMATED
12-M TIME:

Cosmology and the High Redshift UniverseSCIENCE CATEGORY:

One of the best studied high-z large scale structures so far is the protocluster associated with the HzRG MRC1138-262 at z=2.16, 
the so-called "Spiderweb" protocluster. We propose an ambitious, wide and deep ALMA 1.2mm mapping of a unique 3'x6' field 
(equivalently ~1.5 x 3.0 pMpc) within this overdense field. Our ALMA dust continuum imaging down to SFR=80Msun/yr will add 
the missing piece to our exquiste multi-wavelength coverage with a huge investment of telescope time (e.g. ESO VLT, Subaru). 
We expect to find ~80 ALMA sources based on the reported overdensity of LABOCA sources in this field. The major goal of this 
program is to study the impact of environment on galaxy formation and evolution. To achieve this goal, we aim to: 1) derive the 
reliable number counts for dusty galaxies in the protocluster environment without suffering from source confusion, 2) measure the 
star formation efficiency of protocluster member galaxies and test their environmental dependence. The requested contiguous 
ALMA 1.2mm mapping will complement the existing ATCA CO(1-0) data and the scheduled JWST GO cycle-1 Pa-beta imaging, 
both covering the same 3'x6' field. 

ABSTRACT

2021.1.00435.SASW2DF: Census of the Star-Formation Properties in a 
Protocluster at z=2.2
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Dynamic range (cont flux/line rms): N/A

Line 0.00 uJy 0.0 0 km/s 0.0% 0.0
Continuum 3.00 mJy 50.3 0.0% 0.0

  
 

Peak Flux SNR Linewidth  
RMS 

(over 1/3 linewidth)
linewidth / bandwidth  
used for sensitivity

Pol. 
Pol. 
SNR

Expected Source Properties

1 1-Field_1_MRC11...  11:40:48, -26:29:20 0.00 km/s,hel,RADIO
No. Target Ra,Dec ( ICRS ) V,def,frame --OR--z

1 Target

233.000000 224.000000 128 1875.00 MHz 31.250 MHz 2509.4 km/s 41.824 km/s 120 µJy, 32.5 mK
226.000000 128 1875.00 MHz 31.250 MHz 2487.2 km/s 41.454 km/s 124.07 µJy, 33.0 mK
240.000000 128 1875.00 MHz 31.250 MHz 2342.1 km/s 39.035 km/s 127.61 µJy, 30.1 mK
242.000000 128 1875.00 MHz 31.250 MHz 2322.8 km/s 38.713 km/s 129.8 µJy, 30.1 mK

Center Freq 
(Sky)

Center Freqs. 
SPWs

 Eff #Ch  
 p.p.

Bandwidth Resolution Vel. Bandwidth Vel. Resolution RMS

Spectral Setup : Single Continuum

t_total(ACA) t_total(7m) t_total(TP) Imaged area #7m pointing 7m Mosaic spacing HPBW t_per_point Data Vol Avg. Data Rate

Use of ACA 7m Array (10 antennas) and TP Array

3.0 h 1.9 h 0.0 h 180" x 60" 81 13.3 arcsec 26.0 " 84.7 s 19.6 GB 2.1 MB/s
t_total(all configs) t_science(C43-3,C... t_total() Imaged area #12m pointing 12m Mosaic spacing HPBW t_per_point Data Vol Avg. Data Rate

Use of 12m Array (43 antennas)

1.0000" - 0.3000" 1.0" 60 µJy, 1.5 mK-16.2 mK 10037.694 km/s, 7.5 GHz 224.000000 GHz 59.61 µJy, 1.5 mK-16.1 mK 7.500 GHz XX,YY
 Ang.Res.  LAS  Requested RMS  RMS Bandwidth  Rep.Freq.  Cont. RMS  Cont. Bandwidth  Poln.Prod. 

Science Goal Parameters

1.2mm mosaic of 3xarcmin x 1arcmin field. All six mosaics will form a 3x6arcmin field.

Band 6Mosaic of MRC1138 -  Field 1 of 6SG : 1

2021.1.00435.S
 

SG-1

We expect line width between 250-500km/s for the "bonus" observations of the  [CI(2-1)] and CO(7-6) line at z=2.16. Our 
choosen resolution gives us enough element to determine the shape and the width of the line.

Justification of the correlator set-up with particular reference to the number of spectral resolution elements per line wi...

This is a detection experiment, using any configuration offered configuration would be sufficient for reaching our goals.
Justification of the chosen angular resolution and largest angular scale for the source(s) in this Science Goal.

In order to achieve our scientific goals we aim to reach an RMS of 0.06mJy, resulting in a53sigma LIR=5x10^11 Lsun. Our 
depth is similar to the pionieering works by e.g Hatsukade et al. (2016, 2018).

Justification for requested RMS and resulting S/N (and for spectral lines the bandwidth selected) for the sensitivity calc...
 

SG-1

Proposal



Requested Observing Parameters – why?!
• 12m array only : sensitivity, spatial resolution and no flux loss

• continuum: reveal the obscured star formation

• frequency 1.2mm (Band 6): more efficient than e.g Band 7

• field size of 6arcmin x 3arcmin: triggered by approved JWST 
observations; covers the core and outer regions

• spatial resolution of 0.3-1 arcsec: unresolved point sources ok; 
increase chances to get observed

• chosen configuration defined by spatial resolution: detection 
experiment, unresolved is enough

• chosen spectral windows: trying to detect additional lines such as 
[CI(2-1)] and CO(-7-6), therefore chosen channel width of about 
40km/s

• RMS of 0.06mJy: probing SFR down to 80Msun/yr (5sigma)

• total observing time of 25 hrs: combination of field size, expected 
number of sources (80) and efficiency



Motivation
20 years ago, the publication of the Hubble Deep Field (Williams et al. 1996) revolutionized ex-
tragalactic astronomy. This data set a benchmark for the study of the formation and evolution
of galaxies in the distant universe. Thenceforth, deep field studies at a variety of wavelengths have
been established as an indispensable tool to study important topics such as the cosmic star formation
history of the universe, the stellar mass build up and the main-sequence of galaxies.
Thanks to the advent of ALMA, we are able to conduct deep surveys in the (sub)mm window and

thus measure accurately the obscured star-formation to a level similar to the optical/NIR studies for
the first time. In the pre-ALMA era, these surveys were severely limited by the sensitivity and the
confusion noise due to coarse beam sizes between 1000 to 2000. Although these dedicated (sub)mm sur-
veys with ground based single dish telescopes using dedicated bolometer cameras (SCUBA, MAMBO,
LABOCA) triggered the search of dusty, high-z starbursts, the so-called dusty star-forming galaxies
(DSFGs; see e.g. Casey et al. 2014 for a review), we could only access the most luminous sources
with star-formations rates (SFRs) of several 100 to thousands solar masses per year. The advent of
ALMA gives us finally the opportunity to carry out deep surveys at (sub)mm wavelengths at high
spatial resolution, leaving out the extremely di�cult, tedious, time-costly counterpart identification
procedure indispensable in single dish (sub)mm surveys both from the ground and space.
In the past few years several deep surveys — targeting dust and/or molecular gas — on (very) deep

but mainly small blank fields with ALMA have been carried out and high impact/surprising results
have been emerged (e.g., Decarli et al. 2019; Dunlop et al. 2017; Franco et al. 2018; González-López
et al. 2017; Hatsukade et al. 2016, 2018; Tadaki et al. 2015; Kohno et al. 2016; Walter et al.
2016). While all these pioneering ”ALMA deep fields” have been performed by targeting (famous)

Figure 1: 2-D distribution of Spiderweb protocluster member galaxies on top of the HST I-band data
(the ”Spiderweb” galaxy is located at the center). It can be seen that >100 galaxies are identified
with various approaches in the ⇠ 30⇥ 60 field. In addition, we show the JWST GO cycle 1 NIRCAM
coverage (green box) and the planned ALMA 1.2 mm mosaic/map of this field (pink boxes).

1

Requested Observing Parameters – why?!
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ALMA 1.2mm observations
• about 25hrs of ALMA observations (PI: Y. Koyama); 6 fields (rms~0.05mJy)

In total: 6arcmin x 3arcmin

about 90 pointings per field

In total: 6arcmin x 3arcmin



ALMA 1.2mm mosaic

6arcmin x 3arcmin



Data Analysis & ALMA tools
• data products from the archive, in case of continuum it 

seems to be OK, no need to re-run tclean
• major task was to conduct a reliable source extraction

• several source extraction tools are at the market
• give different results, not the same!
• Flux measurements: peak flux and “aperture” flux

• SnooPI
• ALMA archive
• carta



Yuheng. Zhang and friends: ASW2DF: ALMA reveals two extreme DSFG concentrations in the Spiderweb protocluster

Fig. 2. Left: ALMA 1.2 mm continuum map of the ASW2DF survey. The fields from left to right are coded by the number 1 to 6. The detections
from category A, B and C are marked as red, cyan, grey circles respectively. Black numbers mark the IDs of the ALMA detections, same as that in
Table A.1 and A.2. The white curves represent the coverage where the primary beam response of 0.5 in each field. The images before the primary
beam correction are used for the clarity. Right: The primary beam response of Field 1 as an example. We note that the primary beam response in
each field are identical, but characterized by various 1� noise. The contours from inner to outer regions are the primary beam correction start from
0.9 decreasing in a step of 0.1. The white contour enclose the coverage where PB>0.5, which will be used for our following analysis.

the “fixed” method is equivalent to treating the entire image as312

a single box. Similar results were also reported di↵erences can313

also be found in the literature (1� 3% Franco et al. 2018; Zavala314

et al. 2021). The ratio distribution for the result from SoFiA has315

a higher median value around one together while with a larger316

scatter. We attribute this to the lack of the sigma-clipping pro-317

cess during the noise estimation in SoFiA. Although the median318

noise obtained using the “individual” method in all three codes is319

very close to the 1� noise from the “fixed” method, di↵erences320

between individual pixels may lead an obvious discrepancy be-321

tween the source catalogs.322

3.2. Source extraction323

Both the two-dimensional noise maps created by SEP, AEGEAN324

and SoFiA in the “individual” method, and the 1� noise value325

in the “fixed” method are used for the source extraction. The326

sources are detected at >4� in the PB-uncorrected image in each327

field with these three codes. One important parameter is how328

many pixels linked to each other above the detection threshold329

should be regarded as a source. This parameter is characterized330

by minarea with a default value of five in SEP, meaning that a331

source can only be identified when it has at least five contiguous332

pixels above 4�. The five pixels, much smaller than the beam333

coverage, that meet the 4� threshold must be interconnected,334

with no limitations on their arrangement along the x-axis or335

y-axis. We adopt this value as it is used by default in SEP and336

SExtractor in most of previous studies. Lower values will intro-337

duce more spurious sources at the same detection threshold. A338

similar parameter linker.minPixels in SoFiA is set to be five for339

the consistency. There is no identical parameter in AEGEAN.340

We cut the original catalog and only include the sources with341

more than five adjacent pixels above 4� into the AEGEAN’s342

catalog. The key parameters with the customized values used in343

three codes are listed in Table B.1.344

Based on the noise maps from the “individual” method, we 345

detect 54, 48 and 49 sources at >4� through SEP, AEGEAN 346

and SoFiA respectively. The di↵erences in of the source num- 347

ber come from the discrepancies of the noise maps created by 348

SEP, AEGEAN and SoFiA following this method. Understand- 349

ing the reason these codes result in di↵erent noise maps even 350

with the same rms box size (100 ⇥ 100 pixels) is beyond the 351

scope of this paper, we only focus on the catalogs they produced 352

and make a conclusion on the final catalog construction. Inter- 353

estingly, all three codes produced the same catalog containing 354

47 detections when we use the 1� noise values from the “fixed” 355

method. This result confirms the reliability of the codes as they 356

can detect identical sources with the same noise criteria. This ex- 357

plains that obtaining di↵erent catalogs with “individual” method 358

is mainly due to the use of di↵erent noise maps. The higher num- 359

ber of detections from the “individual” method is probably due 360

to either a lower noise estimation or large dispersion in the noise 361

distribution. 362

We demonstrate that the results of the source extraction are 363

heavily a↵ected by the di↵erent noise estimation. Though the 364

“individual” method with a defined rms box could reflect the 365

fluctuation of the background noise, it is di�cult to find a co- 366

herent criterion to calculate criteria calculating the scale of the 367

local noise fluctuation as the resolution and pixel scale vary a 368

lot in di↵erent surveys. The 1� noise with the “fixed” method is 369

more representative as it is directly derived from the standard de- 370

viation of the Gaussian profile drawn in the flux distribution. Ad- 371

ditionally, the “fixed” method produces ⇠ 2 percent higher noise 372

than the median noise from SEP and AEGEAN with “individ- 373

ual” method (see Fig. 1 right panel), thus could be considered as 374

a conservative way. 375

In this work, we refer the rms noise value derived from the 376

“fixed” method as the typical noise representing the observ- 377

ing depth, which is also the minimum noise of the map after 378

PB correction in each field (Table 1). Accordingly, there are 379
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ALMA 1.2mm mosaicY. H. Zhang et al.: ASW2DF: Census of the obscured star formation in a galaxy cluster in formation at z = 2.2

Fig. 11. Gallery of the ALMA 1.2 mm sources in Spiderweb field. The 47 sources are from the main catalog and labeled with the ID in the upper
left corner of each cutout. The contours start with 2� in steps of 1� noise in each field, respectively. The synthesized beam for each source is
shown in the white ellipse. The image size is 300 ⇥ 300 with the north on the up and the east on the left.
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JWST counterparts of ALMA sources

Y. Zhang, HD et al., in prep.
cutouts: 4arcsec x 4arcsec

ALMA contours



Y. H. Zhang et al.: ASW2DF: Census of the obscured star formation in a galaxy cluster in formation at z = 2.2

Fig. 6. Di↵erential (left) and cumulative (right) number counts for the ASW2DF survey. The number counts are derived from the main science
catalog with the correction of completeness and purity for each source. Big blue circles show the total number counts from the six fields, and
the results of each field are shown in various markers as shown in legend. The number counts from previous surveys at similar wavelengths are
also shown with colored circles, in which the larger circles represent the studies towards protocluster fields (PCL: Umehata et al. 2017, 2018;
Pensabene et al. 2024). The gray, orange and red dashed lines show the best-fitting results in blank fields (Fujimoto et al. 2023; Gómez-Guijarro
et al. 2022; Chen et al. 2023b) with a Schechter function. The gray dotted line in the right panel represents the best-fitting of cumulative number
counts in general fields used in Umehata et al. (2018). The flux bins of the studies at 1.1 mm are converted to that at 1.2 mm according to the
conversion factor of 1.29 (see Sec. 4.3).

of the sources within a specific flux bin is the di↵erential number644

counts:645

dN

dS
=

P
⇠(S )
�S

. (3)

By summing up the contribution of sources that are brighter646

than the flux S 0, we can obtain the cumulative number counts:647

N(> S 0) =
X
⇠(S ) . (4)

We construct the di↵erential and cumulative number counts648

over the whole flux range from our main catalog. We calcu-649

late the uncertainties of the number counts by constructing 1000650

rounds of the number counts. In each iteration, the flux of each651

source is randomly sampled based on its measured flux and the652

1� noise. The new set of source fluxes are split into di↵erent653

flux bins for calculating the number counts. The median values654

of the 1000 rounds are adopted as the final number counts, and655

the 1� dispersion are taken as the number counts errors. We use656

the same approach to calculate the di↵erential and cumulative657

number counts as well as their scatters, respectively.658

Figure 6 shows the number counts for each field, as well659

as all six fields together. The flux bins for each field are the660

same with that from the total fields but shifted for 0.02 mJy to661

avoid the overlap. We note that in the main catalog, there are662

only six sources brighter than 1 mJy and one brighter than 2 mJy.663

This aligns with the source density in GOODS-ALMA (Gómez-664

Guijarro et al. 2022), where 18 (7) sources brighter than 1 (2)665

mJy are found in a survey area four times larger than that of our666

ALMA maps. However, there are 16 sources brighter than 1 mJy 667

found in the ADF22 survey after accounting for the flux con- 668

version (Umehata et al. 2018). The number of bright sources is 669

around three times higher than compared to the 6 bright sources 670

(>1 mJy) in the Spiderweb field, within a similar survey area 671

of ⇠ 20 arcmin2. We argue that this is because the DSFGs are 672

located near the gas rich filaments in SSA22, which has a rela- 673

tive earlier evolutionary stage at higher redshift (Umehata et al. 674

2019). Huge amount of gas is accreted into these galaxies and 675

tremendous star formation is triggered subsequently. 676

Our ASW2DF survey targets the prominent Spiderweb pro- 677

tocluster at z = 2.16, therefore, it is important to compare our 678

results to the number counts in general fields and other proto- 679

clusters at similar wavelengths from the literature. In Fig. 6, we 680

plot the results of ALMA observations at 1.1/1.2 mm from the 681

literature (Oteo et al. 2016; Aravena et al. 2016; Fujimoto et al. 682

2016; Hatsukade et al. 2016, 2018; Umehata et al. 2017, 2018; 683

González-López et al. 2020; Gómez-Guijarro et al. 2022; Chen 684

et al. 2023b; Pensabene et al. 2024; Adscheid et al. 2024) as we 685

mentioned in previous section. The central wavelength of our ob- 686

servations is 1.2 mm, and for the number counts at 1.1 mm wave- 687

length we re-scale the flux density to make the number counts 688

comparable with our results. We adopt an average spectral en- 689

ergy distribution from a sample of ALESS SMGs (da Cunha 690

et al. 2015), and assume a redshift of 2.2 which is close to that of 691

the Spiderweb protocluster. We then obtain the flux conversion 692

factor of S 1.1 mm/S 1.2 mm to be 1.29, identical to that in Umehata 693

et al. (2018) by using a modified black body model. We note that 694

even at the same wavelength, the number counts from di↵erent 695

surveys show a scatter due to the variation of the survey designs, 696

observing depth and data analysis. 697
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Lessons Learnt
• great dataJ

• be patient
• be creative
• request what you need, be ambitious!
• contact help desk & ALMA Regional Centers when you 

have doubts, very helpfulJ
• Proposal documentation is helpful tooJ

• try to take comments into account
• depending on the science archival data products can be 

trusted resp. are science ready


