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Motivation
•search for brightest lensed dusty starbursts in the whole sky

•search for most luminous sources, at least in apparent 
brightness 

•detailed study at ~60-100pc scale (GMC size) of the interstellar 
medium in z=2 galaxies, the peak epoch of star-formation and 
black hole activity

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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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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FoV:11.4�

alias Submillimeter Galaxies (SMGs)

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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Dannerbauer et al., 2002, 2004

Faint in the optical/NIR - z>4 candidates

Ks=21.9mag (Vega) MM J120546-0741.5                   

K=21.9

MM J120517-0743.1

K=22.5

VLT ISAAC

still no z-spec!!!



SCUBA

HDF850.1 at z=5.2

Hughes+98



SCUBA

HDF850.1 at z=5.2

Walter…HD +, 2012, Nature



SCUBA

HDF850.1 at z=5.2

Walter…HD +, 2012, Nature

IRAM NOEMA
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FIG. 1.— Upper panels: ALMA 3mm spectra. Detected lines are highlighted in green and their identifications are labeled. Grey shaded areas show frequency
gaps. Red dashed line shows a power-law fit to the continuum going like frequency ⌫3.7. Bottom panels: Stacked line spectra after continuum subtraction. Green
areas mark line ranges, the same as in upper panels, as determined by the primary line. Grey areas show the location of gaps in velocity space.

searched 12.

3.2. Measuring redshifts for our sample
We report the spurious probability for the strongest line in

each spectrum in Table 1 (P1st). They are below 0.1% in all
cases except for the 4.7� line of ID85000922 that has a 1.4%

12 This is typically assumed to be the area within the primary beam di-
vided by the area covered by half the synthesized beam, although dedicated
simulations would be required to confirm this accurately.

probability of being spurious, by itself.
Then we searched for additional matching lines based on

the redshift solutions determined by the first ones, using the
same velocity range as determined by the primary line, as-
suming they are CO transitions. We excluded, in fact, so-
lutions in which the primary line was [CI] or H2O, given
that stronger accompanying CO lines would have been de-
tected in the spectra in those cases. Meaningful second lines
were detected in 3 galaxies with significance of 3.3–4.4�. We

FIG. 1.— Upper panels: ALMA 3mm spectra. Detected lines are highlighted in green and their identifications are labeled. Grey shaded areas show frequency
gaps. Red dashed line shows a power-law fit to the continuum going like frequency ⌫3.7. Bottom panels: Stacked line spectra after continuum subtraction. Green
areas mark line ranges, the same as in upper panels, as determined by the primary line. Grey areas show the location of gaps in velocity space.

searched 12.

3.2. Measuring redshifts for our sample
We report the spurious probability for the strongest line in

each spectrum in Table 1 (P1st). They are below 0.1% in all
cases except for the 4.7� line of ID85000922 that has a 1.4%

12 This is typically assumed to be the area within the primary beam di-
vided by the area covered by half the synthesized beam, although dedicated
simulations would be required to confirm this accurately.

probability of being spurious, by itself.
Then we searched for additional matching lines based on

the redshift solutions determined by the first ones, using the
same velocity range as determined by the primary line, as-
suming they are CO transitions. We excluded, in fact, so-
lutions in which the primary line was [CI] or H2O, given
that stronger accompanying CO lines would have been de-
tected in the spectra in those cases. Meaningful second lines
were detected in 3 galaxies with significance of 3.3–4.4�. We

Discovery of cold DSFGs at z=3.6-5.8

Jin, Daddi et al 2019, ApJ, submitted (astroph/1906.00040)
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Lensing in the (sub)mm regime
Figures

Figure 1: Selection of gravitational lenses at submillimeter wavelengths. The 500µm source
counts consist of three different populations (14): high-redshift SMGs; lower redshift late type
(starburst plus normal spiral) galaxies; and radio sources powered by active galactic nuclei.
Strongly lensed SMGs dominate over unlensed SMGs at very bright fluxes where the count
of un-lensed SMGs falls off dramatically (yellow shaded region). The data points are from
H-ATLAS (32).

20

Negrello … HD et al. 2010, Science



Lensed SMGs discovered by Herschel

H-ATLAS consortium





Lensed SMGs discovered by Herschel

Negrello … HD et al., 2010, Science

Frayer … HD et al. (2010) using Zspetrometer at GBT

Negrello … HD et al., 2010, Science



ATCA

H-ATLAS: the lensed galaxy sample 3565

Figure 3. Postage stamps of the 20 confirmed lensed galaxies in the H-ATLAS fields. SMA 880 µm signal-to-noise ratio contours are superimposed to either
the HST/WFC3/F110W (J-band), or HST/WFC3/F160W (H-band), or Keck Ks-band or UKIDSS J/K-band image (the latter is denoted by the apex (U)). The
redshifts of the lens, zL, and the redshift of the background galaxy, zS, are shown at the bottom of each stamp (in italic style when photometrically determined).

MNRAS 465, 3558–3580 (2017)

Negrello…HD et al. 2017
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H-ATLAS: the lensed galaxy sample 3565

Figure 3. Postage stamps of the 20 confirmed lensed galaxies in the H-ATLAS fields. SMA 880 µm signal-to-noise ratio contours are superimposed to either
the HST/WFC3/F110W (J-band), or HST/WFC3/F160W (H-band), or Keck Ks-band or UKIDSS J/K-band image (the latter is denoted by the apex (U)). The
redshifts of the lens, zL, and the redshift of the background galaxy, zS, are shown at the bottom of each stamp (in italic style when photometrically determined).

MNRAS 465, 3558–3580 (2017)

Negrello…HD et al. 2017



ALMA Observations of SDP.81 @ z=3.04
ALMA PR on 7 April 2015: long-baseline observations with ALMA down 30mas resolution

Sauron�s Eye

3arcsec

ALMA spatial resolution could be pushed down to 10mas



HerBS survey – lensed SMGs

Bakx et al. 2018

1754 T. J. L. C. Bakx et al.

Figure 1. Herschel/SPIRE colour maps of the H-ATLAS fields. The orange circles mark the positions of the 209 HerBS sources. This figure is similar to
fig. 2 in (Negrello et al. 2017), and shows how the sources are distributed over the sky.

stored in 30 s time slices for each of the arrays, where the first
and last time slice of each exposure are flat-fields. Flat-fields probe
the responsivity of individual bolometers, and are derived from the
bolometer’s response to the resistance heaters, which are located
next to each bolometer.

2.3 Data reduction

The entire data reduction method is shown schematically in Fig. 2,
and is described below. The data reduction was done with the
ORAC_DR pipeline, which uses the KAPPA and SMURF packages from
STARLINK, and the PICARD procedures (Chapin et al. 2010).

The basic data consist of the time-dependent signals from each
bolometer and information about the specific scanning pattern of
the arrays on the sky. The first step of the data reduction method flat-
fields and downsamples the data, to correct for individual bolometer

performance and to reduce the file size by matching the sampling
speed to the spatial scale of the maps. The second step removes
the noise components in the signal iteratively, starting with the
largest noise component (Chapin et al. 2013). Our final reduced
map is achieved with additional data reduction steps: jackknife,
fake point source injection and matched filtering. The final result is
a 4 × 4 arcmin2 image with 1 arcsec resolution.

2.3.1 The iterative data reduction step (make map)

Sky emission is the dominant noise component, and it is shared by
all bolometers. This common-mode signal (COM) is calculated by
averaging the signals of all bolometers into one signal per subarray.
The COM is then subtracted from the signal for each bolome-
ter, taking care to adjust for individual bolometer amplification

MNRAS 473, 1751–1773 (2018)Downloaded from https://academic.oup.com/mnras/article-abstract/473/2/1751/4103565
by Instituto de Astrofisica de Canarias user
on 16 February 2018



HerBS survey – lensed SMGs
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Table 3. Observed spectral lines

Source Redshift Transition Frequency [GHz] ICO [Jy km/s] FWHM [km/s]

HerBS-52 3.4419 ± 0.0006 CO(1-0) 25.951 ± 0.004 0.39 ± 0.06 519 ± 85
CO(3-2) 77.854 < 3.524

3.4428 ± 0.0005 CO(4-3) 103.783 ± 0.012 6.07 ± 0.70 507 ± 52
3.4423 ± 0.0006 CO(5-4) 129.744 ± 0.017 6.52 ± 0.95 515 ± 72
3.4409 ± 0.0005 CO(6-5) 155.742 ± 0.016 6.22 ± 1.52 229 ± 33

HerBS-61 3.7275 ± 0.0005 CO(4-3) 97.532 ± 0.011 5.66 ± 0.87 456 ± 88
[CI(1-0)] 104.086 ± 0.066 < 3.630

3.7271 ± 0.0006 CO(6-5) 146.312 ± 0.018 2.25 ± 0.62 247 ± 41
HerBS-64 4.0484 ± 0.0009 CO(1-0) 22.833 ± 0.004 0.18 ± 0.05 310 ± 81

4.0462 ± 0.0006 CO(2-1) 45.686 ± 0.005 0.51 ± 0.12 455 ± 79
CO(3-2) 68.630 ± 0.017 5<.493

4.0473 ± 0.0007 CO(4-3) 91.352 ± 0.013 2.06 ± 0.53 364 ± 99
4.0471 ± 0.0005 CO(6-5) 137.035 ± 0.0149 2.40 ± 0.58 331 ± 123
4.0431 ± 0.0009 H2O 211-202 149.122 ± 0.027 1.60 ± 0.54 345 ± 73

CO(7-6) 159.902 < 1.692
[CI(2-1)] 160.457 < 1.692

HerBS-177 3.9633 ± 0.0006 CO(4-3) 92.898 ± 0.011 4.35 ± 1.03 490 ± 204
3.9616 ± 0.0009 [CI(1-0)] 99.187 ± 0.018 2.00 ± 0.60 308 ± 102
3.9673 ± 0.0007 CO(6-5) 139.236 ± 0.019 7.05 ± 0.70 677 ± 62

Notes: Col. (1): HerBS-ID. Col. (2): spectroscopic redshift. Col. (3): spectral line. Col. (4): observed frequency. Col. (5): ntegrated flux of spectral line,
unobserved lines assume 500 km/s and 3 � upper limit. Col. (6):line width expressed in full-Width at half-maximum (FWHM), set to 500 km/s for undetected
lines.
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Redshift Searches of HerBS Sources 3

Figure 2. 30 ⇥ 30 cutouts of far-infrared/submm continuum images of our IRAM 30 m sample: Herschel/SPIRE 250, 350, 500 µm) and SCUBA-2 850 µm. All
poststamps are centred at the 250 µm extraction position of the Herschel catalogue. The final frame is the fitted SED, with the best-fit template in orange, fixed
� template in blue and Pearson’s template in grey (Pearson et al. 2013). We note that HerBS-38 is tentatively detected at 850 µm. This figure is adapted from
Bakx et al. (2018).

MNRAS 000, 1–12 (2019)
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ESO Public Survey SHARKS
Southern H-ATLAS Regions Ks band Survey

PI: Helmut Dannerbauer 

ATCA

Oteo, Sutherland, Cross, Ivison, Bayo, Clements, Davies, Driver,
Dunne, Dye, Eales, Furlanetto, C. Gonzalez, E. Gonzalez, Hurley,
Hughes, Ibar, Irwin, Jarvis, Leiton, Maddox, Mann, Oliver,
Robotham, Seymour, Scudder, Smith, Vaccari, Valiante

– 1200hrs of observing time with ESO 4m telescope VISTA and 
instrument VIRCAM are approved

– 300 square degree in Ks-band down to 22.7mag (AB, 5sigma)
– Surveying Herschel fields from survey H-ATLAS
– more than 70% of the data are taken
– huge legacy value (Euclid, LSST, WEAVE, radio surveys from LOFAR, 

ASKAP, SKA)

provide counterparts of (high-z) sources selected through on-going and 
future infrared and radio surveys



(Another) Selection technique

•search for sources with a similar SED in the infrared as a well-
known reference source

•we started search with VISTA and WISE

•focus on cluster-galaxy lensing

•galaxy cluster algorithm developed within Euclid
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Cosmic Eyelash: lensed SMG at z=2.32

Swinbank et al. 2010, Nature
1692 A. L. R. Danielson et al.

Figure 2. The integrated 12CO SLED for SMM J2135 showing that the SLED peaks around Jupper = 6 (similar to M 82, but with proportionally stronger
12CO(1–0)). The central panel shows the results of LVG modelling applied to the integrated SLED, which requires two temperature phases to yield an adequate
fit. In this model, they have characteristic temperatures of Tkin = 25 and 60 K and densities of n = 102.7 and 103.6 cm−3, respectively (we associate these two
phases with a cool, extended disc and hotter, more compact, clumps). The right-hand panel shows a similar comparison but now using a PDR model (Meijerink
et al. 2007; see Section 3.2.1), which again requires a combination of both low- and high-density phases to adequately fit the integrated SLED.

Using this dynamical mass and the minimum gas mass, we place
a lower limit on the gas fraction of Mgas/Mdyn ! 0.19. This ratio
is similar to the ratio for typical starburst nuclei and the ratio of
30 per cent found in M 82 (Devereux et al. 1994). Compared to other
high-redshift submillimetre galaxies (SMGs), using the 12CO(3–2)
observations from Greve et al. (2005) and adopting α = 0.8 and
R3,1 = 0.58 ± 0.05 from Ivison et al. (2010c), we find a median
gas mass ratio of 50 per cent for luminous SMGs, whilst Tacconi
et al. (2008) derived a gas mass fraction of 0.3 for more typical
star-forming galaxies at similar redshifts. We stress, however, that
compared to the gas mass of 6 × 108 M⊙ within the central 1.2 kpc
of M 82 (Young & Scoville 1984), our gas mass is nearly two orders
of magnitude higher, underlining the more extreme conditions in the
central regions of SMM J2135.

In order to provide a simple comparison with previous stud-
ies, we estimate the gas mass of SMM J2135 using a conver-
sion factor of α ∼ 0.8 which applies to the smoothly distributed,
high-pressure, largely molecular ISM measured in local ULIRGs
(Downes & Solomon 1998; Solomon & Vanden Bout 2005, al-
though recent local studies on high-Jupper CO lines imply multi-
phase ISM in ULIRGs as opposed to smoothly distributed) and is
also the canonical value used for high-redshift LIRGs and ULIRGs
(Stark et al. 2008; Tacconi et al. 2008). This value of α is com-
fortably between the upper and lower limits calculated above. With
this assumption, the 12CO(1–0) line luminosity yields a total gas
mass of MH2 = (1.4 ± 0.1) × 1010 M⊙ (see also Swinbank et al.
2010).

Taking our estimate of the total gas mass and the expected size
of ∼1 kpc for the system (Swinbank et al. 2010), we derive an
average column density of ∼ 1024 cm−2, which is comparable to
the molecular hydrogen density in Arp 220, averaged over a similar
region (Gerin & Phillips 1998), but much higher than the density
in typical starburst galaxies, such as M 82. However, this estimate
gives an average over the system which we know to be structured
and so indicates that the column density is very high in parts of this
source. The associated extinction is expected to exceed AV ∼ 103,
suggesting significant absorption even in the far-IR and moreover
that the emission from some of the more common species we see is
optically thick. With this extinction, coupled with our high value for
G0 (derived in Section 3.2.1), high-IR luminosity and potentially

high cosmic-ray flux (see below), it is probable that momentum-
driven outflows will result. These outflows could be either photon-
driven (Thompson, Quataert & Murray 2005) or cosmic ray driven
(Socrates, Davis & Ramirez-Ruiz 2008) and will impact both the
dynamics of the gas in the system and the steady-state assumption
in our PDR modelling (Section 3.2.1).

We can now compare the star formation efficiency (SFE) in
SMM J2135 to that in the wider SMG and ULIRG populations.
First we note that the far-IR luminosity of SMM J2135 is LFIR =
(2.3 ± 0.1) × 1012 L⊙ (Ivison et al. 2010b), which indicates an SFR
of ∼ 400 ± 20 M⊙ yr−1 (Kennicutt 1998) assuming a Salpeter IMF.
We combine the SFR and gas mass to estimate the SFE following
Greve et al. (2005), SFE = LFIR/MH2 resulting in SFE ∼ 165 ±
7 L⊙ M−1

⊙ . This is comfortably within the limit derived by Scov-
ille (2004) of [LFIR/MH2 ]max = 500 L⊙ M−1

⊙ , assuming Eddington-
limited accretion of gas on to OB star clusters. 12CO(1–0) mea-
surements in local ULIRGs derive an SFE of 180 ± 160 L⊙ M−1

⊙ ,
which is comparable to that in our source. The SFE of our source
is also comparable to the median SFE of 210 ± 80 L⊙ M−1

⊙ for the
sample of luminous SMGs of Greve et al. (2005), after correcting
the latter using R3,1 = 0.58 as appropriate for SMGs (Harris et al.
2010; Ivison et al. 2010c).

We begin modelling this system by noting that the 870-µm
SMA observations and comparison to the LABOCA flux reveal
four bright, compact clumps embedded in a much more extended
system with the clumps emitting ∼80 per cent of the total luminos-
ity, and the rest of the emission emerging from a more extended
component (Swinbank et al. 2010). Motivated by this structure, we
fit a two-component model to the dust spectral energy distribution
(SED), fixing the characteristic temperature of the cool (presumably
more extended) component at 30 K and allowing the size and the
characteristic temperature of the clumps to vary. The best fit yields
a characteristic size for the clumps of r ∼ 200 pc at a temperature
of Td,warm = 57 ± 3 K, while the extended component has a size of
r ∼ 1000 pc at Td,cool = 30 K. The dust mass of both the extended
component and the clumps is then (1.5 ± 0.2) × 108 M⊙, which
is similar to the mass determined for the cool dust component in
Ivison et al. (2010b). The inferred clump size is somewhat larger
than the size of the dust emission regions seen in the highest resolu-
tion 870-µm SMA maps, where the clumps appear to be 100–200 pc
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Figure 1. Molecular and atomic emission from the lensed submillimetre galaxy SMM J2135. The top two rows show spectra of the 12CO emission arising from Jupper = 1 up to Jupper = 10. These are followed
by the spectra of the [C I] fine-structure lines and our detection of HCN(3–2). In all cases, the emission profiles show multiple velocity components whose intensity appears to vary between transitions. To better
constrain the kinematic structure of the lines we derive an average 12CO spectrum (which does not include 12CO(9–8) or 12CO(10–9)) and we overplot on this the resulting three-component parametric model as
described in Section 3.3. We fit this three-component kinematic model to the various lines, allowing the intensities of the components to vary between lines, and overlay this on all the 12CO emission lines making
up the average, clearly highlighting the evidence of different excitation in the different velocity components. The spectra have been binned into channels of width 30–100 km s−1. The spectra for 12CO(3–2),
12CO(4–3) and 12CO(6–5) are the combined data from our PdBI and EMIR observations, the 12CO(7–6) spectrum is a combination of EMIR and SHFI data. The 12CO(1–0) line was measured by GBT and the
12CO(10–9) line by SMA, all other observations were taken with IRAM 30 m and PdBI. The axes are flux (mJy) and frequency (GHz) (with the velocity shown on the upper horizontal axes) in all cases except for
the average spectrum which has been plotted as km s−1 and flux normalized to the peak value. Note that 12CO(7–6) and [C I](2–1) lines abut each other in the spectrum.
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(Another) Selection technique

•search for sources with a similar SED in the infrared as a well-
known reference source

•we started search with VISTA and WISE

•focus on cluster-galaxy lensing

•galaxy cluster algorithm developed within Euclid

•refinement of selection criteria: we search in WISE and Planck 
all-sky dataset

•search for multi-wavelength information in archives/literature
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Table 5. Optical magnitudes.

ID u g r i z Survey

6 VHSJ0319-4549 21.81 ± 0.01 21.161 ± 0.004 20.341 ± 0.003 20.083 ± 0.003 19.984 ± 0.006 CFHTLS

Figure 7. Fluxes of the SMG candidates (red points) in comparison with the SMM J2135 GRASIL SED shifted to the photometric redshift of each candidate
(black lines). Note that only candidate ID1 has values greater than 500 mJy (980 mJy) at 500 microns. The rest have values between 160 and 430 mJy.

within ±0.5 mag of the SMM J2135 colours. We also restricted the
selection to objects with S/N ≥ 3 in all the WISE bands. A total of
seven galaxies verified all these conditions.

Very recently, colour selection procedures have been refined suc-
cessfully to find SMGs (see Chen et al. 2016 and references therein).
These authors used the so-called Optical-IR Triple Colour (OIRTC)
selection procedure. We can also adopt a similar approach, impos-
ing just one limit for each single colour in order to select SMGs,
i.e take away one of the limits in each of the colours listed in
Table 2. When we adopt the colour limits of Table 3 we find the
same candidates. Therefore, we adopt for simplicity the colour cri-
teria of Table 3 that we could call the NIR/MIR Quintuple Colour
(NMIRQC) procedure.

In Table 4, we list photometry for the seven resulting SMG can-
didates. Their sky positions are shown in Fig. 3. Images of these
candidates extracted from the surveys VHS and WISE are plotted
in Fig. 4.

All our candidate submm galaxies have well-measured posi-
tions in the NIR images (accuracy better than 0.3 arcsec) and
are the only likely counterpart of the WISE sources. Only can-
didate 3 appears to be double in the J and Ks images. We note

that this NIR/MIR selection could be advantageous with respect to
other techniques in the submm range that usually require follow-
up interferometry to determine subarcsec position of the candidate
galaxies.

3 R ESULTS AND DISCUSSION

The seven candidates that fulfil the colour criteria of the lensed
submm galaxy SMM J2135 present J-band magnitudes in the range
18.8–20.4 and Ks-band magnitudes in the range 16.8–18.2. The
candidates are well identified in all bands. In spite of the different
spatial resolution of the VHS and WISE, there is good agreement in
the positions of the identified sources.

In Fig. 5, we plot colour–colour diagrams for the seven candi-
dates, SMM J2135, three SPT (South Pole Telescope) sources we
have detected in VHS/WISE and one additional SMG lensed by a
galaxy cluster reported by Gonzalez et al. 2011 (in this last case,
we have transformed Spitzer magnitudes to WISE magnitudes and
there is a lower limit to the Ks magnitude). The grey points are field
sources. The colour cuts in Table 3 are given by point-dashed lines
and typical error bars are shown in each diagram. We have also
represented with continuous curves the SMM J2135 GRASIL SED

MNRAS 467, 330–339 (2017)
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Figure 4. Images showing 0.5 × 0.5 arcmin2 centred around candidates in J, Ks, W1, W2, W3 and W4 bands. The marked boxes are 12 × 12 arcsec2.

of 2.3 × 1012 L⊙ and a star formation rate estimated at ∼400 M⊙
yr−1 (Ivison et al. 2010; Swinbank et al. 2010). In the far-IR, the
SED can be described by dust components with temperatures of 30
and 60 K. A comparison with local ultraluminous infrared galaxies
like Arp 220 (Ivison et al. 2010) reveals that SMM J2135 is slightly
less luminous in the rest-frame optical to mid-IR (possibly due to
stronger dust extinction) while rather similar in the mm/submm
range.

Fig. 1 shows VHS images in J, H, Ks and WISE images in the W1,
W2, W3 and W4 bands of SMM J2135. No detection of this source
was reported in the VHS and AllWISE catalogues, however after
close inspection of the relevant images, SMM J2135 can be detected
in the Ks-band and in the W3 and W4 bands. Subsequently, we
measured its magnitudes using aperture photometry and obtained
Ks = 18 ± 0.3, W3 = 12.6 ± 0.3 and W4 = 8.8 ± 0.3 (Vega system).
An upper limit on the J-band magnitude was also derived from the
corresponding VHS image. The photometry was calibrated using
nearby sources in the catalogue free of contaminants. In the H, W1
and W2 bands, we achieve a marginal detection of SMM J2135
using the Laplacian of Gaussian filter, often called ‘mexican hat’,

which helped to improve the detectability of sources in these filters.
However, no reliable magnitudes could be determined from these
images and the W1 and W2 magnitudes given in Table 1 were finally
estimated converting the fluxes measured by Ivison et al in the [3.6]
and [4.5] Spitzer bands, respectively. The final adopted fluxes and
magnitudes of SMM J2135 are listed in Table 1.

The fluxes of SMM J2135 from the optical to centimetre wave-
lengths are plotted in Fig. 2 (black dots) in comparison with its
SED as modelled by GRASIL from Lapi et al. (2011) and the SED
of Arp 220 redshifted to z = 2.32 with appropriate normalization.
The blue squares indicate our measurements in the Ks, W3 and W4
bands.

2.4 Search method

In order to find bright analogues of SMM J2135, we have corre-
lated the AllWISE Source Catalogue with about 8000 deg2 available
from the VHS catalogue. The search is restricted to galactic latitudes
|b| ≥ 20o, reducing the surveyed area to 6230 deg2, and we retain
galaxies for which we have detections in all the WISE bands and
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WISE J132934.18+224327.3

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

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

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

3. Observations and Data Reduction

3.1. GTC Spectroscopy

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

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

3.2. Gemini Spectroscopy

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

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

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

7 http://www.cadc-ccda.hia-iha.nrc-cnrc.gc.ca/en/
8 http://sundog.stsci.edu/first/catalogs.html
9 http://vizier.u-strasbg.fr/viz-bin/VizieR
10 http://archive.stsci.edu/
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a Salpeter IMF, assuming a Chabrier IMF would possibly be a
factor of ∼1.8 lower (Casey et al. 2014).

We also use the MAGPHYS code that allows us to fit
simultaneously the ultraviolet-to-radio SED, so we can
constrain physical parameters (Da Cunha et al. 2015). The fit
is shown in Figure 4; we would benefit from measurements in
photometric bands between 22 and 350 μm in order to establish
which SED better describes the Cosmic Eyebrow. From this fit
we give the median-likelihood estimates (and confidence
ranges) of several physical parameters corrected for lensing
amplification, stellar mass * = -

+
:( )M Mlog 11.49 0.05

0.06, star
formation rate =-

-
+

:( )Mlog SFR yr 2.731
0.01
0.02, mass-weighted

age =-
-
+( )log age yr 9.28M

1
0.01
0.01, average V-band dust attenua-

tion = -
+A 3.30V 0.02

0.02, H-band mass-to-light ratio * =( )M Llog H

-
+0.14 0.01

0.01, total dust luminosity = -
+

:( )L Llog 13.27dust 0.02
0.01,

luminosity-averaged dust temperature = -
+T K 40dust 2

7, and
total dust mass = -

+
:( )M Mlog 9.19dust 0.08

0.15. These physical
parameters compare well with the average properties of the
ALESS SMGs in Da Cunha et al. (2015). The SFR obtained
with MAGPHYS is lower than estimated with the Kennicutt
(1998) relation. This is partially due to the use of the Chabrier
IMF and to the additional dust heating caused by the relatively
old stellar populations of our galaxy that increases the dust
luminosity at fixed SFRs (Da Cunha et al. 2015).

4.3. Spectroscopy

The UV rest-frame spectrum of the Cosmic Eyebrow
resembles that of Lyman break galaxies (LBGs; Shapley
et al. 2003) and displays the strong interstellar absorption
features typical of the spectra of starburst galaxies (Casey et al.
2013). We identify in the observed spectrum low-ionization
resonance interstellar metal lines such as Si IIl1260.4, OI 1302
Si II l1304, C II l1334, Si II l1526, and Al II l1670 that are

associated with the neutral interstellar medium. We also detect
high-ionization metal lines of Si IV ll1393, 1402 and C IV
ll1548, 1550 that are associated with ionized interstellar gas
and PCygni stellar wind features. The C IV feature exhibits a
strong interstellar absorption component plus a weaker blue-
shifted broad absorption and marginal evidence of redshifted
emission associated with stellar winds that likely originate in
main-sequence, giant, and supergiant O stars (Walborn &
Panek 1984). Our data do not show evidence for the He II
l1640, which could be an indication of a low ratio of Wolf–
Rayet to O stars (Schaerer & Vacca 1998).
In the spectrum of the region 1 of the arc, we find Hα at

o Å19982 4 and the [N II]l6583 at o Å20041 5 . Full width at
half maximum (FWHM) line widths are 386±20 km s−1 and
331±20 km s−1; after correction for the instrumental profile, we
estimate that the intrinsic width of these lines is 150±25 km s−1.
The low [N II]l6583/Hα ratio of 0.33±0.04 suggests a star-
forming region (Kewley et al. 2013). The EWrest (Hα)=

o Å111 10 compares well with values reported in other well-
known SMGs of a similar luminosity (Olivares et al. 2016).

5. Conclusions

A cross-match of the AllWISE and Planck compact source
catalogs aimed to identify the brightest examples of SMGs in
the full-sky uncovered WISE J132934.18+224327.3, the
Cosmic Eyebrow, a = oz 2.0439 0.0006 galaxy with a
spectral energy distribution from mid-IR to submillimeter
similar to that of the Cosmic Eyelash and higher observed
fluxes. Archival data of SCUBA-2 and HST reveal a multiple
lensed galaxy at the position of the strong submillimeter
source. Follow-up observations with GTC/OSIRIS provided a
precise redshift determination of the lensed galaxy and a rest-
frame UV-spectrum with clearly identified low-ionization
resonance interstellar metal lines that is consistent with that
of starburst galaxies. Near-IR spectroscopy with Gemini-North
showed aH in emission at a strength consistent with values
reported for other SMGs. This galaxy is gravitationally
magnified by a massive cluster at z=0.44; modeling with
Lenstool indicates a lensing amplification factor of 11±2. The
intrinsic rest-frame 8–1000 μm luminosity of the lensed
galaxy is o ´ :( ) L1.3 0.1 1013 indicating a likely SFR of
~ -

:– M500 2000 yr 1. The SED of this new SMG resembles the
Cosmic Eyelash from optical/mid-IR to submillimeter/radio,
albeit at higher intrinsic luminosity. It is one of the brightest
examples of SMGs so far reported, which may enable detailed
high spatial resolution studies of star-forming regions in such
dusty galaxies.

Based on observations made with the GTC telescope, in the
Spanish Observatorio del Roque de los Muchachos of the Instituto
de Astrofísica de Canarias. This work has been partially funded
by projects ESP2015-69020-C2-1-R, ESP2014-56869-C2-2-P,
and AYA2015-69350-C3-3-P (MINECO). H.D. acknowledges
financial support from the Spanish Ministry of Economy and
Competitiveness (MINECO) under the 2014 Ramón y Cajal
program MINECO RYC-2014-15686. We thank David Valls-
Gabaud for his suggestions and comments on various aspects of
this work. We are grateful to the anonymous referee for useful
comments on the Letter.

Table 1
Photometry

Wavelength(μm) Flux (mJy)a,b Observatory/Instrument

0.3921 0.0022±0.0001 HST/WFC3
0.45 0.004±0.002 GTC/OSIRIS
0.5887 0.0043±0.0001 HST/WFC3
1.0552 0.0252±0.0004 HST/WFC3
1.5369 0.0614±0.0006 HST/WFC3
1.644 <0.112c UKIDSS
2.199 <0.110c UKIDSS
3.4 0.37±0.01 WISE
4.6 0.45±0.02 WISE
12 0.7±0.1 WISE
22 10.6±0.8 WISE
60 <100c IRAS
100 <300c IRAS
450 604±86 SCUBA-2
850 127±11 SCUBA-2
350 1298±200 Planck
550 692±100 Planck
850 271±90 Planck
21.4d 3.56±0.14 FIRST

Notes.
a Uncorrected for lensing amplification.
b Total arc flux.
c Flux upper limit.
d Wavelength in cm.
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contamination by galactic dust emission. Inspection of the
Planck maps and available images from different optical and
near-IR catalogs identified WISE J132934.18+224327.3 as the
most likely counterpart of the submillimeter Planck source
PCCS2 857 G007.94+80.29 and very promising candidate to
an ultrabright SMG analog to the Cosmic Eyelash.

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

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

3. Observations and Data Reduction

3.1. GTC Spectroscopy

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

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

3.2. Gemini Spectroscopy

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

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

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

7 http://www.cadc-ccda.hia-iha.nrc-cnrc.gc.ca/en/
8 http://sundog.stsci.edu/first/catalogs.html
9 http://vizier.u-strasbg.fr/viz-bin/VizieR
10 http://archive.stsci.edu/
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Cosmic Eyebrow: ultra-bright lensed SMG at z=2.04

webpage from GEMINI observatory.11 The total integration
time for the spectrum was 3600 s, and two telluric stars of
spectral type A0V were observed immediately before and after
the galaxy. Only in the K band have we found useful data with
a clear detection of aH in emission. In the inset of Figure 3, we
show the spectrum near the Hα emission line from which we
obtain a redshift of = oz 2.0439 0.0006 in agreement with
the rest-frame UV-spectrum. This redshift is consistent with the
value published in Oguri et al. (2012; »z 2.04) for a source
coincident in position with the lensed galaxy.

4. Analysis and Discussion

4.1. Lens Modeling

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

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

4.2. SED

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

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

:M2000 yr 1 (Kennicutt 1998), which assumes

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

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

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

13 http://wsa.roe.ac.uk/
14 http://irsa.ipac.caltech.edu/applications/IRAS/ISSA/
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webpage from GEMINI observatory.11 The total integration
time for the spectrum was 3600 s, and two telluric stars of
spectral type A0V were observed immediately before and after
the galaxy. Only in the K band have we found useful data with
a clear detection of aH in emission. In the inset of Figure 3, we
show the spectrum near the Hα emission line from which we
obtain a redshift of = oz 2.0439 0.0006 in agreement with
the rest-frame UV-spectrum. This redshift is consistent with the
value published in Oguri et al. (2012; »z 2.04) for a source
coincident in position with the lensed galaxy.

4. Analysis and Discussion

4.1. Lens Modeling

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

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

4.2. SED

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

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

:M2000 yr 1 (Kennicutt 1998), which assumes

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

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

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

13 http://wsa.roe.ac.uk/
14 http://irsa.ipac.caltech.edu/applications/IRAS/ISSA/
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Is the Cosmic Eyebrow indeed a lensed SMG?

•within WISE/SCUBA-2 position galaxy at z=2.04 with GTC revealed

•emitter of dust emission?

•unambiguous proof would be detection of cold ISM lines

need to go to the far-infrared/millimeter regime
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1. INTRODUCTION

The number counts of dusty star-forming galaxies (DS-
FGs; see for a review Casey et al. 2014) are steep (Blain
1996; Negrello et al. 2007), thus bright, luminous sources
should be rare in the sky. To discover them large infrared
surveys covering several hundred to thousand square de-
grees are needed. The advent of telescopes like Herschel
(Pilbratt et al. 2010), Planck (Tauber et al. 2010; Planck
Collaboration et al. 2011) and the South Pole Telescope
(SPT Carlstrom et al. 2011) and their subsequent surveys
of large parts of the sky (e.g., Carlstrom et al. 2011; Eales
et al. 2010; Oliver et al. 2012) provide the indispensable
dataset to search for such sources.
The combination of an increased probability of lensing

towards higher redshift (e.g., Béthermin et al. 2015) and
the steep number counts of DSFGs facilitate the search
and selection of extremely bright star-forming galaxies at
the peak epoch of galaxy formation at z = 2 (e.g., Madau &
Dickinson 2014). Thus, in the past decade an increasing
number of bright, lensed galaxies have been discovered,
followed by subsequent observations of the cold molecular
gas, the fuel of star-formation (e.g., Negrello et al. 2010;
Cox et al. 2011; Vieira et al. 2013; Cañameras et al. 2015;
Harrington et al. 2016, 2018; Yang et al. 2017).
Observations of the cold interstellar medium, molecular

gas and dust, enables us to study in detail important prop-
erties of star-formation processes such as the content of
the molecular gas, the star-formation e�ciency (SFE) and
gas fraction (e.g., Carilli & Walter 2013). In case of detect-
ing several CO transitions, the so-called CO spectral line
energy distribution (CO SLED), can be constructed and
molecular gas properties such as gas excitation and tem-
perature can be studied (e.g., Dannerbauer et al. 2009;
Daddi et al. 2015).
Among the brightest, lensed submillimeter galaxies

(SMGs), SMM J2135, the so-called Cosmic Eyelash, at
z = 2.3 (Swinbank et al. 2010) provides a good reference
to further identify in the sky even brighter SMGs which
may facilitate subsequent detailed spatial and spectral
studies. We carried out a search for bright analogues of
similar colours using the VISTA Hemisphere Survey (VHS)
(McMahon et al. 2013) and WISE (Wright et al. 2010) over
a region of more than 6230 square degress. Details of our
source selection and first results of this correlation were
published in Iglesias-Groth et al. (2017). Subsequently,
modifying and extending our technique, D́ıaz-Sánchez et
al. (2017) have shown that cross-matching between the
AllWISE and Planck full-sky compact source catalogues
adopting appropriate colour criteria can lead to the identi-
fication of extremely bright, lensed SMGs.
The most promising candidate found in this full-sky

search is WISE J132934.18+224327.3 (alias P1329+2243),

Figure 1. Top panel: velocity integrated ”cleaned” maps of
the CO(3-2) line. The applied velocity range is based on the
CO(3-2) line of component CO32-A. Contour levels are: �1�,
3�, 5�, 10�, 20�, 30�, 40� and 50�. Bottom panel: dust
continuum map averaged over remaining channels. Contour
levels are: �2�, �1�, 3�, 6�, 9�, 12� and 15�. In both maps,
the cross is the phase center and the size is ⇡4000⇥4000. We
detect extended emission of the dust continuum at a marginal
level. Higher resolution imaging is indispensable to confirm this
possible feature.

the so-called Cosmic Eyebrow. This source is found in
a strong lensing cluster at z = 0.44 (Oguri et al. 2012)
which has been observed by Jones (2015) with JCMT/
SCUBA-2, reporting the discovery in snapshot observa-
tions of one submillimeter source at 850 and 450 µm with
S450 µm ⇡ 605 mJy and S850 µm ⇡ 130 mJy (Jones 2015),
and consistent with this source being the main counterpart
of our measured Planck fluxes. For comparison, the flux
densities of the Cosmic Eyelash at the same wavelengths
are S450 µm ⇡ 480 mJy and S850 µm ⇡ 115 mJy (Ivison et
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1. INTRODUCTION

The number counts of dusty star-forming galaxies (DS-
FGs; see for a review Casey et al. 2014) are steep (Blain
1996; Negrello et al. 2007), thus bright, luminous sources
should be rare in the sky. To discover them large infrared
surveys covering several hundred to thousand square de-
grees are needed. The advent of telescopes like Herschel
(Pilbratt et al. 2010), Planck (Tauber et al. 2010; Planck
Collaboration et al. 2011) and the South Pole Telescope
(SPT Carlstrom et al. 2011) and their subsequent surveys
of large parts of the sky (e.g., Carlstrom et al. 2011; Eales
et al. 2010; Oliver et al. 2012) provide the indispensable
dataset to search for such sources.
The combination of an increased probability of lensing

towards higher redshift (e.g., Béthermin et al. 2015) and
the steep number counts of DSFGs facilitate the search
and selection of extremely bright star-forming galaxies at
the peak epoch of galaxy formation at z = 2 (e.g., Madau &
Dickinson 2014). Thus, in the past decade an increasing
number of bright, lensed galaxies have been discovered,
followed by subsequent observations of the cold molecular
gas, the fuel of star-formation (e.g., Negrello et al. 2010;
Cox et al. 2011; Vieira et al. 2013; Cañameras et al. 2015;
Harrington et al. 2016, 2018; Yang et al. 2017).
Observations of the cold interstellar medium, molecular

gas and dust, enables us to study in detail important prop-
erties of star-formation processes such as the content of
the molecular gas, the star-formation e�ciency (SFE) and
gas fraction (e.g., Carilli & Walter 2013). In case of detect-
ing several CO transitions, the so-called CO spectral line
energy distribution (CO SLED), can be constructed and
molecular gas properties such as gas excitation and tem-
perature can be studied (e.g., Dannerbauer et al. 2009;
Daddi et al. 2015).
Among the brightest, lensed submillimeter galaxies

(SMGs), SMM J2135, the so-called Cosmic Eyelash, at
z = 2.3 (Swinbank et al. 2010) provides a good reference
to further identify in the sky even brighter SMGs which
may facilitate subsequent detailed spatial and spectral
studies. We carried out a search for bright analogues of
similar colours using the VISTA Hemisphere Survey (VHS)
(McMahon et al. 2013) and WISE (Wright et al. 2010) over
a region of more than 6230 square degress. Details of our
source selection and first results of this correlation were
published in Iglesias-Groth et al. (2017). Subsequently,
modifying and extending our technique, D́ıaz-Sánchez et
al. (2017) have shown that cross-matching between the
AllWISE and Planck full-sky compact source catalogues
adopting appropriate colour criteria can lead to the identi-
fication of extremely bright, lensed SMGs.
The most promising candidate found in this full-sky

search is WISE J132934.18+224327.3 (alias P1329+2243),

Figure 1. Top panel: velocity integrated ”cleaned” maps of
the CO(3-2) line. The applied velocity range is based on the
CO(3-2) line of component CO32-A. Contour levels are: �1�,
3�, 5�, 10�, 20�, 30�, 40� and 50�. Bottom panel: dust
continuum map averaged over remaining channels. Contour
levels are: �2�, �1�, 3�, 6�, 9�, 12� and 15�. In both maps,
the cross is the phase center and the size is ⇡4000⇥4000. We
detect extended emission of the dust continuum at a marginal
level. Higher resolution imaging is indispensable to confirm this
possible feature.

the so-called Cosmic Eyebrow. This source is found in
a strong lensing cluster at z = 0.44 (Oguri et al. 2012)
which has been observed by Jones (2015) with JCMT/
SCUBA-2, reporting the discovery in snapshot observa-
tions of one submillimeter source at 850 and 450 µm with
S450 µm ⇡ 605 mJy and S850 µm ⇡ 130 mJy (Jones 2015),
and consistent with this source being the main counterpart
of our measured Planck fluxes. For comparison, the flux
densities of the Cosmic Eyelash at the same wavelengths
are S450 µm ⇡ 480 mJy and S850 µm ⇡ 115 mJy (Ivison et
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al. 2010). Within 1 arcsec of the position of the SCUBA-
2 submillimeter source, we find in the HST-ACS images
a lensed, arc-like galaxy, split into two sources. Low-
resolution rest-frame UV-optical spectroscopy of this lensed
galaxy obtained with the 10.4 m GTC revealed the typical
absorption lines of a starburst galaxy at z = 2.0448±0.0004
(D́ıaz-Sánchez et al. 2017). Archival Gemini-N near-IR
spectroscopy provided a clear detection of H↵ emission at
z = 2.0439 ± 0.0006. We determined an intrinsic rest-
frame 8�1000 µm luminosity, LIR of (1.3±0.1)⇥1013 L�
and a likely star-formation rate (SFR) of ⇠2000 M� yr�1,
taking into account a lensing amplification factor of 11± 2
calculated with Lenstool (Kneib et al. 1993; Jullo et al.
2007). At all frequencies from the optical to the radio, the
spectral energy distribution (SED) of P1329+2243 shows a
remarkable similarity to the Cosmic Eyelash but is brighter
(up to a factor 4) than the Cosmic Eyelash, and thus it
is one of the brightest high-z lensed SMGs ever detected.
In this paper, we present our cold molecular gas follow-up
of WISE J132934.18+224327.3 with the NOEMA inter-
ferometer and two single dish telescopes, the Green Bank
Telescope (GBT) and the IRAM 30m telescope. In sec-
tion 2, we present the observations and in section 3 the
results. In section 4, we discuss the properties of our tar-
get and conclude in section 5. We adopt a flat ⇤CDM
cosmology from Planck Collaboration et al. (2014) with
H0 = 68 km s�1 Mpc�1, ⌦m = 0.31, ⌦⇤ = 1 �⌦m,.

Figure 2. CO(3-2) spectra of both images of the Cosmic Eye-
brow — CO32-A at the top and CO32-B at the bottom —
with channel width of 50 km s�1 (⇠20 MHz). The red line
shows a gaussian fit from which we derived zCO(3�2), L0CO(3�2)
and FWHMCO(3�2). Zero velocity is based on the optical/near-
infrared determined redshift z = 2.0439 (D́ıaz-Sánchez et al.
2017).

2. OBSERVATIONS

2.1. NOEMA

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

On 27 August 2017 we observed P1329+2243 with
IRAM NOEMA for a total of 4.9 hours (DDT D17AA:
PI H. Dannerbauer) with eight antennae in D configu-
ration (E04W08E10N13W12N02W05N09). We used the
Wide-X receiver, o↵ering a bandwidth of 3.6 GHz, in dual
polarization mode and targeted the redshifted CO(3-2)
line at 113.599 GHz (tuning frequency). The phase cen-
ter is RAJ2000 =13:29:34.03 and DecJ2000 = +22:43:25.5.
Our observations cover the frequency range from 111.8 to
115.4 GHz, including the CS(7-6) line (342.883 GHz in the
rest-frame), expected to lie at 112.790 GHz. The data
were calibrated through observations of standard bandpass
(3C279), phase/amplitude (1328+307) and flux calibra-
tors (MWC349, 1328+307) and reduced with the GILDAS
software packages CLIC and MAPPING. Using the decon-
volution algorithm/method HOGBOM, we have ”cleaned”
the ”dirty map” of the NOEMA observations. The FWHM
of the synthesized beam is 3.008 ⇥ 2.008 at 113.6 GHz. The
field of view respectively the full width at half power of the
primary beam (largest scale to be detected) is 44.004⇥44.004,
and includes several families of multiply lensed background
galaxies – called A, C, E and F (see Fig. 1 in D́ıaz-Sánchez
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al. 2010). Within 1 arcsec of the position of the SCUBA-
2 submillimeter source, we find in the HST-ACS images
a lensed, arc-like galaxy, split into two sources. Low-
resolution rest-frame UV-optical spectroscopy of this lensed
galaxy obtained with the 10.4 m GTC revealed the typical
absorption lines of a starburst galaxy at z = 2.0448±0.0004
(D́ıaz-Sánchez et al. 2017). Archival Gemini-N near-IR
spectroscopy provided a clear detection of H↵ emission at
z = 2.0439 ± 0.0006. We determined an intrinsic rest-
frame 8�1000 µm luminosity, LIR of (1.3±0.1)⇥1013 L�
and a likely star-formation rate (SFR) of ⇠2000 M� yr�1,
taking into account a lensing amplification factor of 11± 2
calculated with Lenstool (Kneib et al. 1993; Jullo et al.
2007). At all frequencies from the optical to the radio, the
spectral energy distribution (SED) of P1329+2243 shows a
remarkable similarity to the Cosmic Eyelash but is brighter
(up to a factor 4) than the Cosmic Eyelash, and thus it
is one of the brightest high-z lensed SMGs ever detected.
In this paper, we present our cold molecular gas follow-up
of WISE J132934.18+224327.3 with the NOEMA inter-
ferometer and two single dish telescopes, the Green Bank
Telescope (GBT) and the IRAM 30m telescope. In sec-
tion 2, we present the observations and in section 3 the
results. In section 4, we discuss the properties of our tar-
get and conclude in section 5. We adopt a flat ⇤CDM
cosmology from Planck Collaboration et al. (2014) with
H0 = 68 km s�1 Mpc�1, ⌦m = 0.31, ⌦⇤ = 1 �⌦m,.

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

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

2. OBSERVATIONS

2.1. NOEMA

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

On 27 August 2017 we observed P1329+2243 with
IRAM NOEMA for a total of 4.9 hours (DDT D17AA:
PI H. Dannerbauer) with eight antennae in D configu-
ration (E04W08E10N13W12N02W05N09). We used the
Wide-X receiver, o↵ering a bandwidth of 3.6 GHz, in dual
polarization mode and targeted the redshifted CO(3-2)
line at 113.599 GHz (tuning frequency). The phase cen-
ter is RAJ2000 =13:29:34.03 and DecJ2000 = +22:43:25.5.
Our observations cover the frequency range from 111.8 to
115.4 GHz, including the CS(7-6) line (342.883 GHz in the
rest-frame), expected to lie at 112.790 GHz. The data
were calibrated through observations of standard bandpass
(3C279), phase/amplitude (1328+307) and flux calibra-
tors (MWC349, 1328+307) and reduced with the GILDAS
software packages CLIC and MAPPING. Using the decon-
volution algorithm/method HOGBOM, we have ”cleaned”
the ”dirty map” of the NOEMA observations. The FWHM
of the synthesized beam is 3.008 ⇥ 2.008 at 113.6 GHz. The
field of view respectively the full width at half power of the
primary beam (largest scale to be detected) is 44.004⇥44.004,
and includes several families of multiply lensed background
galaxies – called A, C, E and F (see Fig. 1 in D́ıaz-Sánchez
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al. 2010). Within 1 arcsec of the position of the SCUBA-
2 submillimeter source, we find in the HST-ACS images
a lensed, arc-like galaxy, split into two sources. Low-
resolution rest-frame UV-optical spectroscopy of this lensed
galaxy obtained with the 10.4 m GTC revealed the typical
absorption lines of a starburst galaxy at z = 2.0448±0.0004
(D́ıaz-Sánchez et al. 2017). Archival Gemini-N near-IR
spectroscopy provided a clear detection of H↵ emission at
z = 2.0439 ± 0.0006. We determined an intrinsic rest-
frame 8�1000 µm luminosity, LIR of (1.3±0.1)⇥1013 L�
and a likely star-formation rate (SFR) of ⇠2000 M� yr�1,
taking into account a lensing amplification factor of 11± 2
calculated with Lenstool (Kneib et al. 1993; Jullo et al.
2007). At all frequencies from the optical to the radio, the
spectral energy distribution (SED) of P1329+2243 shows a
remarkable similarity to the Cosmic Eyelash but is brighter
(up to a factor 4) than the Cosmic Eyelash, and thus it
is one of the brightest high-z lensed SMGs ever detected.
In this paper, we present our cold molecular gas follow-up
of WISE J132934.18+224327.3 with the NOEMA inter-
ferometer and two single dish telescopes, the Green Bank
Telescope (GBT) and the IRAM 30m telescope. In sec-
tion 2, we present the observations and in section 3 the
results. In section 4, we discuss the properties of our tar-
get and conclude in section 5. We adopt a flat ⇤CDM
cosmology from Planck Collaboration et al. (2014) with
H0 = 68 km s�1 Mpc�1, ⌦m = 0.31, ⌦⇤ = 1 �⌦m,.

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

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

2. OBSERVATIONS

2.1. NOEMA

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

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

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

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

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

3. Observations and Data Reduction

3.1. GTC Spectroscopy

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

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

3.2. Gemini Spectroscopy

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

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

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

7 http://www.cadc-ccda.hia-iha.nrc-cnrc.gc.ca/en/
8 http://sundog.stsci.edu/first/catalogs.html
9 http://vizier.u-strasbg.fr/viz-bin/VizieR
10 http://archive.stsci.edu/
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Figure 8. Adaption from the compilation of Daddi et al. (2015)
showing the CO SLED for di↵erent galaxy populations and
models/predictions. We compare the Cosmic Eyebrow (large
red filled star) with the Cosmic Eyelash (large sky blue) filled
star, average SLED of normal star-forming galaxies (Daddi et al.
2015) selecting through the BzK-selection criteria (Daddi et al.
2004), the Milky Way SLED (Fixsen et al. 1996), the average
of SMGs (Bothwell et al. 2013), the average of lensed SMGs se-
lected from the SPT survey (Spilker et al. 2014), the average of
QSOs (Carilli & Walter 2013) and the average (U)LIRGs SLED
derived in this paper using measurements from Papadopoulos
et al. (2012). All CO SLEDs are normalized to the CO(1-0) of
the average BzK galaxy CO SLED, except the Milky Wat which
is normalised using CO(2-1). The results from the toy model
of Papadopoulos et al. (2012) and the numerical simulations
of Bournaud et al. (2014) and Narayanan & Krumholz (2014)
are also shown. Clearly, the CO SLED of the Cosmic Eyebrow
stands out and is completely thermaziled up to CO(4-3).

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

4.6.5. CO line width-luminosity relation

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

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

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

5. CONCLUSION

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

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

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

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

Molecular Gas in the Cosmic Eyebrow 7

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

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

4.5. Molecular gas mass

The CO(1-0) line emission is optically thick and can be
assumed to trace the spatial extent and bulk of molecular
ISM gas mass. Thus, we derive the molecular gas mass
directly from the CO(1-0) observations. Although there
exists commonly used conversions between higher-J tran-
sition and CO(1-0) for SMG (Bothwell et al. 2013), the
Cosmic Eyebrow is a good example that covering the low-
est CO transitions (J2) is indispensable in order to obtain

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

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

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

(K km s�1)�1, a commonly used value for merger-induced

(∝ baryonic matter)

(∝ dark matter)

non-lensed

factor 10 lensing

“Tully-Fisher relationship“
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Apparent and intrinsic ultra-luminous SMG
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Future Prospect with the Big Glasses
•the optical/NIR counterparts of (lensed) dusty starbursts are well
suited targets for Big Eyes

•DSFGs/SMGs trace/are members of galaxy clusters in formation 
(protoclusters) →MOS mode would be great to have (see also E. 
Daddi & L. Zhou)

•E.g. at the ELT: MICADO, HARMONI, MOSAIS and METIS 
(lensed sources) could be used to follow-up counterparts of 
DSFGs/SMGs both in imaging and spectroscopy

•indeed, a “Quantensprung” is expected with the ELTs: e.g. 
spectroscopic redshifts, physical properties

•synergy with ALMA



Conclusion
•still hard to get spectroscopic redshifts, even with ALMA

•Big Eyes could reveal optical/NIR counterparts of (lensed) dusty 
starbursts

•combination of GTC and NOEMA discovers an ultra-bright lensed 
dusty starburst at z=2.04, the Cosmic Eyebrow

•most luminous SMG in CO(3-2) at z=2

•new reference source for studies in the early universe

•expand this work to z=4

•ESO Public Survey SHARKS
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