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èsearch for massive galaxies in formation 



FoV:11.4’ 

Detecting Large Scale Structure in the (Sub)mm 

FoV:11.4’ 

Submm-selected galaxies (SMGs): 
• very massive up to 1011M¤ 

• gas-rich 
• high  SFR: several 100 M¤/yr  
• merger-like morphology 
• ellipticals in formation 

èexcellent tracers of mass-density peaks 

Ivison et al. (2001) 

Greve+05 

Ivison+00 

SMGs within overdensities 

Ivison+2013 



z	=	2.16	
(23%	of	age	Universe)	

25 kpc 

Carilli et al 1997 

HzRG:	MRC1138-262	alias	Spiderweb	Galaxy	

Miley	et	al.	2006	(Credits:	NASA,	ESA,	George	Miley	and	Roderik	Overzier	(Leiden	Observatory,	NL)	
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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) 



Dannerbauer et al. (2014) 



VLT ISAAC Spectroscopy 

IRAC 3.6µm 
VLA 

SUBARU MOIRCS K-band 
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Fig. 5. FIR photometric redshifts (grey filled histogram). Our FIR pho-
tometric analysis suggests that a significant fraction of the LABOCA
sources are associated with the protocluster around the Spiderweb
galaxy at z = 2.2.

spectroscopic confirmation is strengthened by FIR photo-z. We
exclude the membership if optical/NIR and FIR photo-z are dis-
crepant. Remaining sources where no reliable judgement on the
cluster membership can be made, we classify as uncertain mem-
bers.

For each LABOCA source we show 40′′ × 40′′ images
at radio, FIR, 24 µm and Hα wavelengths (Fig. 6). We only
discuss sources within the 9.5′′ search radius (the FWHM of the
LABOCA beam). At redshift z = 2.16, 1 arcsec corresponds
to 8.4 kpc.

“Secure” LABOCA sources

SMM J114100.0−263039 (DKB01, protocluster member
YES) – there are two HAEs located 4.′′5 and 5.′′7 from the
nominal LABOCA position. Both HAEs are classified as secure
counterparts by the p-statistic and are only separated by 4.′′5
or 37.8 kpc. This counterpart has a spectroscopic redshift
of 2.165 (Kurk et al. in prep.). The FIR photo-z zFIR = 2.3 ± 0.7
is consistent with the spectroscopic redshift. The association of
Herschel flux with DKB01b strongly suggests that this source is
(partly) responsible for the submillimeter emission. The closer
HAE (DKB01a) has an optical/NIR photometric redshift of
zopt/NIR = 2.84+0.05

−0.03 (Tanaka et al. 2010) and the redshift has
been very recently confirmed to be z = 2.2 (Shimakawa et al.
2014). The Herschel detection appears to be associated to the
more distant HAE, DKB01b. DKB01 and DKB03 are only
separated by 24.′′4 (205 kpc) and the LABOCA map shown in
Fig. 2 indicates that these two sources could be connected to
each other.

SMM J114053.3−262913 (DKB02, (P)OSSIBLE MEMBER)
– within the LABOCA beam we find a prominent X-ray source:
an AGN at z = 1.512 (X9 Pentericci et al. 2002; Croft et al.
2005). However, the secure VLA association (5.′′4 away) is not
associated with this X-ray source. The location of the Herschel
PACS counterpart suggests that the LABOCA emission is
related to the VLA source, 2.′′4 from the nominal LABOCA
position, and not to the AGN at z = 1.5. No spectroscopic
redshift is known for this radio source, but both the optical/NIR
photometric redshift of zopt/NIR = 2.12+0.13

−0.20 (Tanaka et al. 2010)
and the FIR photometric redshift of zFIR = 2.7 ± 0.8 means this
SMG is a plausible protocluster member. Finally, we note that

8.′′2 away from the nominal bolometric position lies an HAE
candidate from the sample of Kurk et al. (#211 in 2004a). Due
to their shallower Hα data Koyama et al. (2013a) do not recover
this source. This source has no spectroscopic confirmation and
lies 10.′′4 from the VLA position.

SMM J114058.3−263044 (DKB03, YES) – 7.′′1 away from
the nominal LABOCA position we find a spectroscopically
confirmed HAE (zspec = 2.163; Kurk et al. in prep.) which is
classified as secure by the corrected Poissonian probability.
Neither VLA nor PACS counterparts are associated with this
LABOCA source. However, DKB03 is detected at all three
SPIRE wavelengths and the zFIR = 2.1 ± 0.7 is consistent with
the spectroscopic redshift of the Hα counterpart. The 250 µm
source position lies 9.′′5 from the nominal LABOCA position,
but only 3.′′4 from the confirmed Hα emitter, suggesting that this
NIR excess source emits (some of) the dust emission detected
by LABOCA.

SMM J114046.8−262539 (DKB04, (U)NKNOWN) – this
source is only covered by the Herschel and VLA imaging. A
faint, secure, 3.3σ VLA counterpart, not detected by Herschel,
lies 7.′′0 from the nominal LABOCA position.

SMM J114043.9−262340 (DKB05, U) – only Herschel
and VLA coverage exist of this 4.5σ LABOCA detection. A
Herschel source detected at all three SPIRE bands is associated
with this SMG.

SMM J114059.5−263200 (DKB06, NO) – at the position
of this SMG, we find a local spiral galaxy at z = 0.028 (Jones
et al. 2009). A 121.7 µJy faint radio source lies 5.′′9 from the
nominal bolometer position. This VLA counterpart is detected
by the Chandra X-ray Observatory (X14 in Pentericci et al.
2002). Within the LABOCA beam two more X-ray sources
are found by the same authors (X13 and X15). According
to Pentericci et al. (2002) all three sources are related to the
spiral galaxy. The spiral galaxy is also detected at two IRAS
bands, at 60 and 100 µm (IRAS F11384−2615; Moshir &
et al. 1990). Based on the IRAS colours (Perault et al. 1987)
we estimate an infrared luminosity LIR = 4.1 × 108 L⊙. The
PACS flux measured at 100 µm of 530.9 ± 26.6 mJy is lower
than the IRAS flux of 790 ± 180 mJy at the same wavelength.
The VLA counterpart is detected at PACS wavelengths as well.
This source is the brightest object in the Herschel images. As
far as we know this object is one of the lowest redshift SMGs
discovered by blind submillimeter ground based surveys. Only
a handful of SMGs in the local Universe are known (e.g., Webb
et al. 2003a; Chapman et al. 2005). However the submillimeter
source may lie behind the spiral galaxy. The FIR photometric
redshift discussed in Sect. 4 suggests zFIR = 0.8 ± 0.2, however,
the χ2 distribution shown in Fig. 4 indicates lower redshift
solutions are also plausible. PACS would not be able to detect
the very low infrared luminosity of LIR = 8.6 × 109 L⊙ if it was
emitted at z ≈ 1. Furthermore, due the sensitivity of the IRAS
satellite, the IRAS flux can only be associated to the spiral
galaxy.

SMM J114048.4−262914 (DKB07, YES) – Seymour et al.
(2012) discuss in detail the infrared properties of this radio
galaxy, MRC1138−262. The LABOCA detection seems to be
slightly elongated, which is also seen in the SPIRE bands at 350
and 500 µm (Seymour et al. 2012) and in SCUBA 850 µm data
(Stevens et al. 2003), see also Sect. 6.1 for more details. This
feature may be well due to multiple sources blended together,
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Fig. 5. FIR photometric redshifts (grey filled histogram). Our FIR pho-
tometric analysis suggests that a significant fraction of the LABOCA
sources are associated with the protocluster around the Spiderweb
galaxy at z = 2.2.

spectroscopic confirmation is strengthened by FIR photo-z. We
exclude the membership if optical/NIR and FIR photo-z are dis-
crepant. Remaining sources where no reliable judgement on the
cluster membership can be made, we classify as uncertain mem-
bers.

For each LABOCA source we show 40′′ × 40′′ images
at radio, FIR, 24 µm and Hα wavelengths (Fig. 6). We only
discuss sources within the 9.5′′ search radius (the FWHM of the
LABOCA beam). At redshift z = 2.16, 1 arcsec corresponds
to 8.4 kpc.

“Secure” LABOCA sources

SMM J114100.0−263039 (DKB01, protocluster member
YES) – there are two HAEs located 4.′′5 and 5.′′7 from the
nominal LABOCA position. Both HAEs are classified as secure
counterparts by the p-statistic and are only separated by 4.′′5
or 37.8 kpc. This counterpart has a spectroscopic redshift
of 2.165 (Kurk et al. in prep.). The FIR photo-z zFIR = 2.3 ± 0.7
is consistent with the spectroscopic redshift. The association of
Herschel flux with DKB01b strongly suggests that this source is
(partly) responsible for the submillimeter emission. The closer
HAE (DKB01a) has an optical/NIR photometric redshift of
zopt/NIR = 2.84+0.05

−0.03 (Tanaka et al. 2010) and the redshift has
been very recently confirmed to be z = 2.2 (Shimakawa et al.
2014). The Herschel detection appears to be associated to the
more distant HAE, DKB01b. DKB01 and DKB03 are only
separated by 24.′′4 (205 kpc) and the LABOCA map shown in
Fig. 2 indicates that these two sources could be connected to
each other.

SMM J114053.3−262913 (DKB02, (P)OSSIBLE MEMBER)
– within the LABOCA beam we find a prominent X-ray source:
an AGN at z = 1.512 (X9 Pentericci et al. 2002; Croft et al.
2005). However, the secure VLA association (5.′′4 away) is not
associated with this X-ray source. The location of the Herschel
PACS counterpart suggests that the LABOCA emission is
related to the VLA source, 2.′′4 from the nominal LABOCA
position, and not to the AGN at z = 1.5. No spectroscopic
redshift is known for this radio source, but both the optical/NIR
photometric redshift of zopt/NIR = 2.12+0.13

−0.20 (Tanaka et al. 2010)
and the FIR photometric redshift of zFIR = 2.7 ± 0.8 means this
SMG is a plausible protocluster member. Finally, we note that

8.′′2 away from the nominal bolometric position lies an HAE
candidate from the sample of Kurk et al. (#211 in 2004a). Due
to their shallower Hα data Koyama et al. (2013a) do not recover
this source. This source has no spectroscopic confirmation and
lies 10.′′4 from the VLA position.

SMM J114058.3−263044 (DKB03, YES) – 7.′′1 away from
the nominal LABOCA position we find a spectroscopically
confirmed HAE (zspec = 2.163; Kurk et al. in prep.) which is
classified as secure by the corrected Poissonian probability.
Neither VLA nor PACS counterparts are associated with this
LABOCA source. However, DKB03 is detected at all three
SPIRE wavelengths and the zFIR = 2.1 ± 0.7 is consistent with
the spectroscopic redshift of the Hα counterpart. The 250 µm
source position lies 9.′′5 from the nominal LABOCA position,
but only 3.′′4 from the confirmed Hα emitter, suggesting that this
NIR excess source emits (some of) the dust emission detected
by LABOCA.

SMM J114046.8−262539 (DKB04, (U)NKNOWN) – this
source is only covered by the Herschel and VLA imaging. A
faint, secure, 3.3σ VLA counterpart, not detected by Herschel,
lies 7.′′0 from the nominal LABOCA position.

SMM J114043.9−262340 (DKB05, U) – only Herschel
and VLA coverage exist of this 4.5σ LABOCA detection. A
Herschel source detected at all three SPIRE bands is associated
with this SMG.

SMM J114059.5−263200 (DKB06, NO) – at the position
of this SMG, we find a local spiral galaxy at z = 0.028 (Jones
et al. 2009). A 121.7 µJy faint radio source lies 5.′′9 from the
nominal bolometer position. This VLA counterpart is detected
by the Chandra X-ray Observatory (X14 in Pentericci et al.
2002). Within the LABOCA beam two more X-ray sources
are found by the same authors (X13 and X15). According
to Pentericci et al. (2002) all three sources are related to the
spiral galaxy. The spiral galaxy is also detected at two IRAS
bands, at 60 and 100 µm (IRAS F11384−2615; Moshir &
et al. 1990). Based on the IRAS colours (Perault et al. 1987)
we estimate an infrared luminosity LIR = 4.1 × 108 L⊙. The
PACS flux measured at 100 µm of 530.9 ± 26.6 mJy is lower
than the IRAS flux of 790 ± 180 mJy at the same wavelength.
The VLA counterpart is detected at PACS wavelengths as well.
This source is the brightest object in the Herschel images. As
far as we know this object is one of the lowest redshift SMGs
discovered by blind submillimeter ground based surveys. Only
a handful of SMGs in the local Universe are known (e.g., Webb
et al. 2003a; Chapman et al. 2005). However the submillimeter
source may lie behind the spiral galaxy. The FIR photometric
redshift discussed in Sect. 4 suggests zFIR = 0.8 ± 0.2, however,
the χ2 distribution shown in Fig. 4 indicates lower redshift
solutions are also plausible. PACS would not be able to detect
the very low infrared luminosity of LIR = 8.6 × 109 L⊙ if it was
emitted at z ≈ 1. Furthermore, due the sensitivity of the IRAS
satellite, the IRAS flux can only be associated to the spiral
galaxy.

SMM J114048.4−262914 (DKB07, YES) – Seymour et al.
(2012) discuss in detail the infrared properties of this radio
galaxy, MRC1138−262. The LABOCA detection seems to be
slightly elongated, which is also seen in the SPIRE bands at 350
and 500 µm (Seymour et al. 2012) and in SCUBA 850 µm data
(Stevens et al. 2003), see also Sect. 6.1 for more details. This
feature may be well due to multiple sources blended together,
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H. Dannerbauer et al.: APEX LABOCA observations of the field around MRC1138−262

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

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

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

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

(Kurk et al. 2004b) at z = 2.149, recently detected in
CO(1–0) Emonts et al. (2013), with a SCUBA source
(Stevens et al. 2003). This source is detected in Herschel
bands and the FIR photo-z is consistent with its spectro-
scopic redshift. Thus, we conclude that this CO-bright HAE
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has a diameter of ∼240′′ (corresponding to a physical size 2 Mpc) and shows the region where all eight SMGs at z = 2.2 are located. The SMG
overdensity is at least a factor four higher than compared to blank fields (Weiß et al. 2009) and not centered on the radio galaxy MRC1138
(DKB07). The spatial distribution of the SMG overdensity seems to be similar to the north-east and south-east filament-like structure traced by
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SMGs have photometric redshifts suggesting that they are
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cluster membership for three SMGs. For the remaining six
SMGs we do not have enough data to make a robust judge-
ment on their protocluster membership.
• We associate the spectroscopically confirmed HAE229

(Kurk et al. 2004b) at z = 2.149, recently detected in
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Fig. 9. Location of 16 SMGs extracted from our LABOCA map of the field of MRC1138 on top of the LABOCA signal-to-noise map. Blue squares
represent spectroscopically confirmed membership to the protocluster structure at z ≈ 2.2. The blue star is the SCUBA source at z = 2.149, also
detected in CO(1–0) by Emonts et al. (2013). Cyan pentagons show possible protocluster members. In the case of yellow circles, no reliable
judgment on the cluster membership can be made. Red crosses are sources that can be securely excluded from the protocluster. The large circle
has a diameter of ∼240′′ (corresponding to a physical size 2 Mpc) and shows the region where all eight SMGs at z = 2.2 are located. The SMG
overdensity is at least a factor four higher than compared to blank fields (Weiß et al. 2009) and not centered on the radio galaxy MRC1138
(DKB07). The spatial distribution of the SMG overdensity seems to be similar to the north-east and south-east filament-like structure traced by
HAEs (plus symbols Kurk et al. 2004b; Koyama et al. 2013a) and in contrast to the location of passive quiescent galaxies clustered within 0.5 Mpc
around the radio galaxy (red circles, filled if spectroscopically confirmed, see Tanaka et al. 2013). In addition, we show the fields of view of our
Spitzer IRAC/MIPS, VLT FORS and Subaru MOIRCS datasets. North is at the top and east is to the left.
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identified tentative detections – with flux densities in the
range 3–11 mJy. This is approximately a factor up to four
more than expected from blank field surveys such as LESS
(Weiß et al. 2009), – based on six sources with S 870 µm >
7 mJy and >3.7σ significance level. This excess is consistent
with the excess of SPIRE 500 µm sources found by Rigby
et al. (2014) at larger scales.
• Based on VLA 1.4 GHz, Herschel, Spitzer MIPS and Subaru

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

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

(Kurk et al. 2004b) at z = 2.149, recently detected in
CO(1–0) Emonts et al. (2013), with a SCUBA source
(Stevens et al. 2003). This source is detected in Herschel
bands and the FIR photo-z is consistent with its spectro-
scopic redshift. Thus, we conclude that this CO-bright HAE
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Fig. 9. Location of 16 SMGs extracted from our LABOCA map of the field of MRC1138 on top of the LABOCA signal-to-noise map. Blue squares
represent spectroscopically confirmed membership to the protocluster structure at z ≈ 2.2. The blue star is the SCUBA source at z = 2.149, also
detected in CO(1–0) by Emonts et al. (2013). Cyan pentagons show possible protocluster members. In the case of yellow circles, no reliable
judgment on the cluster membership can be made. Red crosses are sources that can be securely excluded from the protocluster. The large circle
has a diameter of ∼240′′ (corresponding to a physical size 2 Mpc) and shows the region where all eight SMGs at z = 2.2 are located. The SMG
overdensity is at least a factor four higher than compared to blank fields (Weiß et al. 2009) and not centered on the radio galaxy MRC1138
(DKB07). The spatial distribution of the SMG overdensity seems to be similar to the north-east and south-east filament-like structure traced by
HAEs (plus symbols Kurk et al. 2004b; Koyama et al. 2013a) and in contrast to the location of passive quiescent galaxies clustered within 0.5 Mpc
around the radio galaxy (red circles, filled if spectroscopically confirmed, see Tanaka et al. 2013). In addition, we show the fields of view of our
Spitzer IRAC/MIPS, VLT FORS and Subaru MOIRCS datasets. North is at the top and east is to the left.

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

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

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

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

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

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

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

• Confirm protocluster membership of highly dust–rich galaxies: The large beam width of
the LABOCA and SPIRE data makes it extremely di�cult to reliably cross–identify such selected
sources with our existing imaging datasets from HST and VLT/Subaru. These proposed observations
will provide position accuracy of subarcsec, together with improved resolution, enabling precise iden-
tification work. The 870 µmdust continuum observations will be crucial to shed light on their nature
of the nine sources with unknown membership. Furthermore, only mm-interferometric observations
of the molecular gas can unambiguously confirm the cluster membership of our secure and candidate
cluster members. Thus, by tuning to the CO(4–3) line at z = 2.16 (the redshift of the HzRG) we
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Fig. 2. X00 ⇥ X00 cutouts of HAE229: top left HST F814W; top right VLT HAWK-I Y; bottom left VLT HAWK-I H; bottom right VLT HAWK-I
Ks. The Y-band image supports the HST morphology and no o↵set is detected between the rest-frame UV and rest-frame optical regions.

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

5. Discussion

5.1. The Nature of HAE229

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

A key question is the nature of star formation, its domi-
nating mode. A long-lasting mode is observed in spirals/disks
while shorter, starburst modes, most probably triggered by ma-
jor merger events, are also observed in distant galaxies. Up to
now, in clusters in formation beyond z = 2 cold molecular gas
reservoirs are only detected in mergers (Hodge et al. 2012, 2013;
Ivison et al. 2013; Riechers et al. 2010; Tadaki et al. 2014; Wal-
ter et al. 2012). Very recently, Chapman et al. (2015) report the
blind detection of star forming molecular gas via the CO(3-2)
transition of the extremely red, main sequence galaxy DRG55
in the protocluster structure HS1700+64. This source emits H↵
in excess (Chapman et al. 2015). Another four UV-selected nor-
mal SFGs are detected in CO(3-2) (Tacconi et al. 2013). Thus,
detecting CO(1-0) of a normal, star forming galaxy in a cluster
system caught in formation is still novel. Main reason is the lack
of systematic, targeted CO studies of galaxy cluster members
up to now. HAE229 has an exquisite multi-wavelength coverage
which enables us to investigate the nature of this galaxy in de-
tail. Based on the literature and our own observations we collect
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Fig. 3. CO(1-0) spectrum of HAE 229 from data taken with the com-
pact hybrid ATCA configurations (for which the signal is spatially un-
resolved). The red line shows a Gaussian fit from which we derived z,
L0CO(1�0) and FWHMCO(1�0).

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

5.1.1. The molecular gas in HAE229

We have determined that it is rich in molecular gas, but how rich
is di�cult to determine given the uncertainty in determining the
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gas in a galaxy in the protocluster environment of the power-
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CO(1-0) emitter, it must have a similar mass in cold molecular
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in excess (Chapman et al. 2015). Another four UV-selected nor-
mal SFGs are detected in CO(3-2) (Tacconi et al. 2013). Thus,
detecting CO(1-0) of a normal, star forming galaxy in a cluster
system caught in formation is still novel. Main reason is the lack
of systematic, targeted CO studies of galaxy cluster members
up to now. HAE229 has an exquisite multi-wavelength coverage
which enables us to investigate the nature of this galaxy in de-
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Fig. 1. CO(1-0) 1d spectrum of HAE229 (sampling of 67 km s�1) ex-
tracted from the peak position. The velocity o↵set is centered on the CO
spectroscopic redshift zCO = 2.1480. The red-lines show the best-fitting
gaussian profile.

formation rates, see Table 3. Both tables are the base for the dis-
cussion of the properties of HAE229 in this section.

In Fig. 2, we show the multi-wavelength SED of HAE229
from the rest-frame UV to the FIR/submm regime. For com-
parison, we show several averaged, template SEDs of observed
SMGs: ALESS SMG composite (red-dotted line Swinbank et al.
2014), average SED (red-dashed line Michałowski et al. 2010) of
73 spectroscopically identified SMGs and average SMG SED in-
cluding Spitzer-IRS spectroscopy (red-dashed-dotted line Pope
et al. 2008). The FIR-part of HAE229 is well within the region
covered by the several SMG templates and seems to be a mix
of all three of them. The MIR-part seems to be best described
the ALESS composite, the average SED of XX sources selected
from the LABOCA survey of the the ECDFS (Weiß et al. 2009)
and followed-up by ALMA (and Herschel) (Hodge et al. 2013;
Karim et al. 2013). Similar to DRG55 (Chapman et al. 2015),
HAE229 is signifcantly fainter below rest-frame 1 µm, demon-
strating the extremely red nature of this source.

5.1. Main-sequence or starburst galaxy?

HAE229 is covered by high-resolution HST images taken with
ACS F475W (g475), F814W (I7814) (Miley et al. 2006) and NIC-
MOS J110, H160 (Zirm et al. 2008). We detect this star-forming
galaxy only in ACS F814W band (rest-frame ⇠2560Å)2. We re-
veal four components (A, B, C, D), see Fig. 3. Two of them (A,
B) look clumpy-, knot-like, C and D rather di↵use. The size of
this multi-component system is 1.200 ⇥ 0.600 (10 ⇥ 5 kpc). The
rather uniform light distribution is supported by a rather low
"Gini"-coe�cient G = 0.252 (Koyama et al. 2013a). Observ-
ing a clumpy-like structure for high-z disk galaxies is predicted
by simulations and observed already routinely in the past years
(e.g., Bournaud et al. 2007, 2008). The image gallery of normal
SFGs in Tacconi et al. (2013) shows typical disks in the early
universe, a lot of them consist of clumps together with di↵used
light emission similar to the morpology of HAE229. We detect
this source in ground-based near-infrared observations with Sub-
aru MOIRCS and VLT HAWK-I (optical rest-frame) whereas
the HST NIR-images are too shallow to detect it. Especially, the
2 We note that Koyama et al. (2013a) discuss the HST F814W imaging
of 54 HAEs, one of them being HAE229, numbered # 50 in their Fig. 6.

Fig. 2. SED of HAE229 ranging from the optical to the far-infrared
(black filled circles). Template SEDs of observed SMGs are shown
for comparison: ALESS SMG composite (gray-dotted line Swinbank
et al. 2014), average SED (gray-dashed line Michałowski et al. 2010)
of 73 spectroscopically identified SMGs and average SMG SED in-
cluding Spitzer-IRS spectroscopy (gray-dashed-dotted line Pope et al.
2008). The FIR-part is well described by the di↵erent SMG compos-
ites whereas the rest-frame optical part demonstrates the red nature of
HAE229 compared to average dusty starbursts.

HAWK-I Y-band image supports the HST morphology and we
do not see an o↵set between the rest-frame UV (⇠2560Å) and
rest-frame optical regions (⇠3063 � 7300Å) of this source.

Fig. 3. HST F814W image of the multi-component system HAE229.
The size of this source is 1.200 ⇥ 0.600 (10 ⇥ 5 kpc). The components A
and B look clumpy, knot-like whereas C and D have a rather di↵used
light emission.

In Fig. 4, we show the CO(1-0) contours on top of the HST
F814W image. We separate the CO emission into a blue and red
component. At low resolution (uv-range = 0 � 31 kilo-lambda),
left panel of Fig. 4, the CO(1-0) emission seems to form a ro-
tating disk, slightly o↵-centred from HAE229. However, includ-
ing higher resolution data (uv-range = 0 � 31 kilo-lambda), the
rotating disk is not seen clearly anymore. The red component
seems to coincide with the rest-frame UV multi-component sys-
tem while the blue components looks like a tidal tail, proba-
bly indicating a past merger. We speculate that the shape of the
CO(1-0) emission including the larger baseline data could indi-
cate that at smaller scales the CO disk is perturbated, a picture
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Fig. 1. CO(1-0) 1d spectrum of HAE229 (sampling of 67 km s�1) ex-
tracted from the peak position. The velocity o↵set is centered on the CO
spectroscopic redshift zCO = 2.1485. The red-lines show the best-fitting
gaussian profile.

addition, we compile a table of measured and calculated proper-
ties of HAE229 such as luminosities, masses and (specific) star
formation rates, see Table 3. Both tables are the base for the dis-
cussion of the properties of HAE229 in this section.

In Fig. 2, we show the multi-wavelength SED of HAE229
from the rest-frame UV to the FIR/submm regime. For com-
parison, we show several averaged, template SEDs of observed
SMGs: ALESS SMG composite (red-dotted line Swinbank et al.
2014), average SED (red-dashed line Michałowski et al. 2010) of
73 spectroscopically identified SMGs and average SMG SED in-
cluding Spitzer-IRS spectroscopy (red-dashed-dotted line Pope
et al. 2008). The FIR-part of HAE229 is well within the region
covered by the several SMG templates and seems to be a mix
of all three of them. The MIR-part seems to be best described
the ALESS composite (Swinbank et al. 2014), the average SED
of XX sources selected from the LABOCA survey of the the
ECDFS (Weiß et al. 2009) and followed-up by ALMA and Her-
schel (Hodge et al. 2013; Karim et al. 2013). Similar to DRG55
(Chapman et al. 2015), HAE229 is signifcantly fainter below
rest-frame 1 µm, demonstrating the extremely red nature of this
source. Similar to the LABOCA sources physically related to the
protocluster at z = 2.2 (Dannerbauer et al. 2014), we note that
redshifted [CII] emission contributes to the SPIRE 500 µm flux.
See also Smail et al. (2011) for a detailed discussion of the e↵ect
of FIR lines on FIR/submm broad-band fluxes.

5.1. Main-sequence or starburst galaxy?

HAE229 is covered by high-resolution HST images taken with
ACS F475W (g475), F814W (I7814) (Miley et al. 2006) and NIC-
MOS J110, H160 (Zirm et al. 2008). We detect this star-forming
galaxy only in ACS F814W band (rest-frame ⇠2560Å)2. We re-
veal four components (A, B, C, D), see Fig. 3. Two of them (A,
B) look clumpy-, knot-like, C and D rather di↵use. The size of
this multi-component system is 1.200 ⇥ 0.600 (10 ⇥ 5 kpc). The
rather uniform light distribution is supported by a rather low
"Gini"-coe�cient G = 0.252 (Koyama et al. 2013a). Observ-
ing a clumpy-like structure for high-z disk galaxies is predicted
by simulations and observed already routinely in the past years
2 We note that Koyama et al. (2013a) discuss the HST F814W imaging
of 54 HAEs, one of them being HAE229, numbered # 50 in their Fig. 6.

Fig. 2. SED of HAE229 ranging from the optical to the far-infrared
(black filled circles). We show template SED of MS galaxy at z = 2 from
Magdis et al. (2012) which are based on models by Draine & Li (2007).
In addition template SEDs of observed SMGs are shown for compari-
son: ALESS SMG composite (dotted line Swinbank et al. 2014), aver-
age SED (dashed line Michałowski et al. 2010) of 73 spectroscopically
identified SMGs and average SMG SED including Spitzer-IRS spec-
troscopy (dashed-dotted line Pope et al. 2008). The FIR-part is well
described by the di↵erent SMG composites whereas the rest-frame op-
tical part demonstrates the red nature of HAE229 compared to average
dusty starbursts.

(e.g., Bournaud et al. 2007, 2008). The image gallery of normal
SFGs in Tacconi et al. (2013) shows typical disks in the early
universe, a lot of them consist of clumps together with di↵used
light emission similar to the morpology of HAE229. We detect
this source in ground-based near-infrared observations with Sub-
aru MOIRCS and VLT HAWK-I (optical rest-frame) whereas
the HST NIR-images are too shallow to detect it. Especially, the
HAWK-I Y-band image supports the HST morphology and we
do not see an o↵set between the rest-frame UV (⇠2560Å) and
rest-frame optical regions (⇠3063 � 7300Å) of this source.

Fig. 3. HST F814W image of the multi-component system HAE229.
The size of this source is 1.200 ⇥ 0.600 (10 ⇥ 5 kpc). The components A
and B look clumpy, knot-like whereas C and D have a rather di↵used
light emission.

In Fig. 4, we show the CO(1-0) contours on top of the HST
F814W image. We separate the CO emission into a blue and red
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Fig. 4. Overview of the CO(1-0) full-resolution ATCA data. Top left: Total intensity image of the CO(1-0) emission across the velocity ranges
-200< v 0 km s�1 (blue, component A) and 0< v+200 km s�1 (red, components B and C). Contours are at the 3, 4, 5, 6 � level, with �= 0.015
Jy beam�1 ⇥ km/s for both blue and red. The dashed circle shows the synthesized beam. Top right: Position-velocity plots of the CO(1-0) emission
along the lines indicated in the top-left plot. Contours are at the -4, -3, -2 (grey), 2, 3, 4, 5 (black) � level. Bottom: CO(1-0) spectra of each of the
peak emission in the three regions shown in the top-left plot. Note that the spectra are not completely mutually independent due to the relatively
large beam and do have overlaping velocities.

proper CO to molecular gas mass conversion factor. The conver-
sion factor depends on the gas-phase metallicity (see for a review
Bolatto et al. 2013). Kurk et al. (2004b) find a log [NII]/H↵ ratio
of �0.47, typical for star forming galaxies. This is in agreement
with the lack of any evidence for a strong contribution from an
AGN (Ogle et al. 2012; Koyama et al. 2013a). The [NII]/H↵ ratio
implies a metallicity, [O/H]⇡ 8.6�8.8 (Kurk et al. 2004b; Pettini
& Pagel 2004; Denicoló et al. 2002; Mannucci et al. 2010; Maier
et al. 2014). We apply the so-called “gas-to-dust ratio � GDR”
method in order to derive the CO-to-H2 gas conversion factor
↵CO (Leroy et al. 2011; Magdis et al. 2011, 2012). Since this
method relies on an estimate of the dust mass, we find a dust
mass of Mdust=3.5⇥109 M� (Casey 2012). Using the equation
log � GDR=(10.54±1.0)-(0.99±0.12)⇥(12+log[O/H]) (Magdis
et al. 2012), we obtain ↵CO=4.7-6.9 M� pc�2 (K km s�1)�1, de-
pending on the applied metallicity method (Denicoló et al. 2002;
Pettini & Pagel 2004; Mannucci et al. 2010). This is a metallicity
dependent conversion factor and suggests that this source is sim-
ilar to local spiral galaxies and other disks in the early universe,
thus HAE229 is pretty metal-rich.

However, it is not entirely clear that if basing an estimate
directly on the dust mass and metallicity is completely appro-
priate. Another way of estimating this is to use an independent
estimate of the gas mass and simply determine the conversion
factor. We can use the empirical calibration of the long wave-
length dust continuum emission to estimate the total gas mass
(Scoville et al. 2015). Using the 850 µm flux density, we find a
total gas mass, Mgas⇠3⇥1011 M�. This estimate includes an un-

known contribution from HI, so this provides only an upper limit
to the conversion factor and implies Mgas/L

0
CO(1�0)

<⇠6.

These estimates favor a relatively high CO conversion factor.
However, we note that HAE229 qualifies as an SMG (although
the detection at 850 µm is not of high significance). Many au-
thors favor a low value of the conversion factor for luminous
infrared sources (0.8 M� (K km s�1 pc2)�1; Solomon & Van-
den Bout 2005). With these caveats in mind, we adopt a conver-
sion factor of 4, implying a total cold molecular gas mass, Mgas
= 2.0±0.2⇥1011 M�. We note that adopting a low value gener-
ally appropriate for luminous galaxies like HAE229 would lead
to conflicts with other estimates of gas masses given previously
which do not rely on the conversion factor directly (e.g. Casey
2012; Scoville et al. 2015).

We estimate a molecular gas fraction,
fmol=Mmol/(Mmol+M?), of about 30% for HAE229. Based
on models from Sargent et al. (2014) for typical star forming
galaxies at high redshift, in the left panel of Fig. 6 we show
the redshift evolution of the ratio of the CO emission and
stellar mass. HAE229 lies roughly within 1� of the relation for
galaxies lying along the main sequence. Similar result we find
for HAE229 compared to model prediction for the gas fraction
versus stellar mass, right panel of Fig. 6.
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 Conclusion 

• overdensity of dusty starbursts associated to MRC1138 
 
• at least 8 SMGs are members of the proto-cluster 

• HAEs promising approach to trace (part of) the SMG (system) 

• LABOCA (submm) imaging seems to be a good way to search 
for overdensities/large scale structures 

• ATCA CO molecular gas follow-up  
 
èDannerbauer, Kurk, De Breuck et al., 2014, A&A, 2014, 570, 55 
èDannerbauer, Lehnert, Emonts  et al. , 2016, to be submitted 
 


