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Table 2. Mosaic properties for the di↵erent galaxy clusters.

Cluster name Map bmax [00] bmin [00] bPA [�] rms [µJy beam�1]
Abell 2744 Natural 0.63 0.49 86.14 55

MACS J0416 Natural 1.52 0.85 –85.13 59
MACS J1149 Natural 1.22 1.08 –43.46 71

Notes. Column 1: cluster name. Column 2: image weighting method used. Column 3: major axis of synthesized beam, bmax, in arcseconds.
Column 4: minor axis of synthesized beam, bmin, in arcseconds. Column 5: position angle of synthesized beam, bPA, in degrees. Column 6: highest
sensitivity (lowest rms) achieved in each synthesized image, in µJy beam�1.

Callisto, the bandpass calibrator was J1256�0547 and the phase
calibrator was J1159+2914. We estimate that the flux calibration
for each field is accurate to ⇠8% based on a comparison of the
amplitudes for the di↵erent flux calibrators.

2.3. Imaging

Mosaicked images were created using natural weighting, which
is generally the most sensitive since it optimally weights all of
the baselines (Briggs et al. 1999). Image details are provided in
Table 2; the unique synthesized beams and rms sensitivities de-
pended on the specific observations of each cluster. The A2744
dataset has the lowest rms (55 µJy beam�1) amongst the ob-
served clusters, as well as the smallest beam due to the more
extended array configuration in which it was partially observed;
MACS J0416 and MACS J1149 have natural weighted beams
which are nearly twice as large as that of A2744.

The data were imaged using the multi-frequency synthesis
algorithm in CLEAN, adopting the clark psfmode, the mosaic
imagermode, and a 000.1 pixel size, which is small enough to sam-
ple the synthesized beams listed in Table 2. Dirty images were
made using niter= 0, providing the rms values presented in the
last column in Table 2. The cleaned images were generated using
niter= 1000 and a threshold of four times the rms measured in
the dirty images, with no masking applied during cleaning. The
cleaned images have the same rms values as the dirty ones.

Figures 1–3 present the natural-weighted clean images for
the three observed FFs clusters, respectively. These images have
not been corrected for the primary beam (PB) sensitivity re-
sponse, which is discussed below.

2.4. Mosaic sensitivity

Various factors can a↵ect the mosaic sensitivity across di↵er-
ent pointings. These include the intrinsic primary beam response
shape, as well as any factor that can decrease the sensitivity in
a given pointing (e.g., higher Tsys, less data). The PB correction
images for each cluster (Fig. 4) should contain all relevant infor-
mation regarding fluctuations from the nominal sensitivity.

We find that the PB correction for A2744 is roughly constant
and high across the mosaic (⇡1), demonstrating that the final
sensitivity is uniform over the entire mosaic. For MACS J0416
and MACS J1149, however, the PB correction images are not
smooth, indicating sensitivity variations by as much as ⇠15–20%
across the mosaics in both cases.

For MACS J0416, the sensitivity loss appears to result from
the flagging of several baselines owing to shadowing (i.e., when
the primary beam of one antenna is partly covered by another)
during the most sensitive, lowest PWV execution. It should be
noted that all of the executions observed for MACS J0416 start
from the top right pointing and end with the bottom left pointing,
such that they map the mosaic from top to bottom and west to

east. During the most sensitive execution, the first pointing was
initiated at an elevation of ⇡41� while the last concluded at ⇡27�.
The latter results in significant shadowing when using a compact
array such as C36-2. This particular elevation di↵erence across
the mosaic will lead to sensitivity fluctuations for two reasons.
First, the shadowing flagging is higher in the bottom left point-
ing, resulting in less data (14% of the data in the last pointing
were flagged by shadowing). At the same time, lower elevation
observations result in higher phase scatter and higher Tsys val-
ues for the same pointings, further decreasing the sensitivity. The
combination of these factors explains the observed drop in sensi-
tivity toward the bottom left side of the mosaic for MACS J0416.

For MACS J1149, there is a sharp drop in sensitivity in the
bottom left pointings, as well as a mild gradient in the upper right
pointings. The explanation for the sharp drop lies in the fact that,
during one of the most sensitive executions, the last 30 pointings
of the mosaic were not observed, resulting in an incomplete mo-
saic execution. Thus the bottom left portion of the mosaic only
contains five of the six executions, yielding lower sensitivity. The
weak sensitivity gradient in the upper right pointings can be ex-
plained similarly to MACS J0416, whereby one of the most sen-
sitive executions began at a low elevation and was more strongly
a↵ected by shadowing and higher Tsys values.

In conclusion, A2744 has uniform sensitivity across the mo-
saic, while MACS J0416 and MACS J1149 do not. This varying
sensitivity must be accounted for when studying the statistical
properties of the detected sources.

3. Results

3.1. Source extraction

The search for sources was performed in the PB-uncorrected
continuum cleaned images, which allows the detection of
sources as a function of signal-to-noise independent of the fi-
nal (non-uniform) sensitivity reached in di↵erent regions of the
mosaics. The first step was to find the rms value that best repre-
sented each image. We limited the region used for source detec-
tion to that where the PB sensitivity is higher than 0.5 of the
peak sensitivity (PB� 0.5). After selecting all the pixels with
PB � 0.5, we performed a sigma clip at 5� to remove clear
bright 1.1 mm sources and used the remaining pixels to obtain an
initial estimate of the rms. With this initial rms, we searched for
all pixels with signal-to-noise (S/N)� 5 and used the clustering
algorithm DBSCAN in Python:scikit-learn (Pedregosa et al.
2011) to group the pixels that corresponded to unique sources.
Each initial source was fit with a six-parameter 2d Gaussian
function and these corresponding models were removed from the
continuum maps to obtain an initial source-free image. The final
rms was measured in each source-free image and is presented in
Table 2.
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Table 4. Flux density measurements for high-significance continuum detections.

ID FInt,PS [mJy] FInt,EXT [mJy] �2
red,PS �2

red,EXT Fuv�fit [mJy]
A2744-ID01 1.495 ± 0.081 1.545 ± 0.081 1.7 1.6 1.570 ± 0.073
A2744-ID02 1.656 ± 0.131 3.262 ± 0.213 10.3 2.2 2.816 ± 0.229
A2744-ID03 1.074 ± 0.084 1.979 ± 0.137 7.9 2.0 1.589 ± 0.125
A2744-ID04 1.012 ± 0.099 1.173 ± 0.111 2.0 1.7 1.009 ± 0.074
A2744-ID05 0.859 ± 0.125 1.422 ± 0.188 3.0 0.7 1.113 ± 0.135
A2744-ID06 0.822 ± 0.129 2.274 ± 0.274 12.1 11.9 1.283 ± 0.241
A2744-ID07 0.500 ± 0.108 0.716 ± 0.149 1.5 1.4 0.539 ± 0.082

MACS J0416-ID01 1.144 ± 0.089 1.356 ± 0.111 3.0 0.6 1.319 ± 0.103
MACS J0416-ID02 0.455 ± 0.081 0.626 ± 0.111 2.8 2.0 0.574 ± 0.132
MACS J0416-ID03 0.375 ± 0.091 0.477 ± 0.114 4.7 4.3 0.411 ± 0.072
MACS J0416-ID04 0.367 ± 0.089 0.456 ± 0.111 3.0 2.9 0.478 ± 0.166
MACS J1149-ID01 0.500 ± 0.104 0.635 ± 0.125 1.1 0.5 0.579 ± 0.134

Notes. Column 1: source ID. Column 2: integrated flux density and 1� statistical error assuming a PS model, in mJy. Column 3: integrated flux
density and 1� statistical error assuming a 6-parameter extended Gaussian model (EXT), in mJy. Column 4: reduced �2/d.o.f. for PS model.
Column 5: reduced �2/d.o.f. for EXT model. Column 6: integrated flux density and 1� statistical error from uv fitting, in mJy.

the di↵erence between the purity estimated from negative counts
and the “true” purity is not statistically significant (only 1.1�), it
exemplifies the extra care needed when using the negative counts
for purity estimates.

4.2. Flux estimates

4.2.1. Image fit

We obtained three flux density measurements for each source.
The first two methods fit for the flux density in the image plane
assuming a point source (PS) and an extended source (6 param-
eters Gaussian function, hereafter EXT), respectively, while the
third method fits for the flux density in the uv-plane. Fitting the
sources in the image plane is substantially more straightforward,
but inherits certain dependencies based on the weighting method
used to construct the images.

To measure the flux densities from the images, we fit an el-
liptical Gaussian to each source. For a PS, we fixed the size and
angle of the elliptical Gaussian to that of the synthesized beam,
and only allow for changes in flux and position. For an EXT,
we allow all the six parameters describing the 2d Gaussian to
vary. For both fits, a reduced �2 is estimated using all available
image pixels that satisfy S/N > 2 (to limit the fit to pixels asso-
ciated with the source). The degrees of freedom are estimated as
d.o.f. = N � P, where N is the number of pixels with S/N > 2
and P is the number of free parameters in the fit (three for a PS
and six for an EXT). The measured flux densities and reduced
�2 values are presented in Table 4. These values were measured
in the natural weighting images.

The 1� uncertainties in the flux densities measurements are
of the order of 0.1 mJy. We should expect a number density of
⇡104.8 deg�2 sources with flux densities >0.084 mJy (Fujimoto
et al. 2016). Even for the largest beam obtained in MACS J1149
(Table 2) we obtain ⇠140 beams per source at such flux density
levels, therefore expecting a negligible flux boosting from con-
fused sources in our results.

4.2.2. uv-plane fit

To measure the flux in the uv-plane we used uvmcmcfit6, which
is a Python implementation to fit models to interferometric data

6
https://github.com/sbussmann/uvmcmcfit

in the uv-plane. The code allows one to extract the maximum
amount of information from the observations, particularly if the
sources appear marginally resolved.
uvmcmcfit is designed to allow for de-lensing of sources

in the case of galaxy-galaxy or galaxy-group magnification. We
chose to first model the observed sources as if no magnification
were present. This approach should return the shape and flux of
the sources in the lensed image plane. Reconstructions to the
source plane of each detected galaxy are beyond the scope of
the current work and will be presented in Gonzalez-Lopez et al.
(in prep.).

For each source, we adopt the simplest model, assuming that
the FIR emission can be fit with an elliptical Gaussian described
by the following parameters: the total intrinsic flux density, the
position of the source (RA, Dec), the e↵ective radius defined as
rs =

p
as ⇥ bs (b and a are the major and minor axis respec-

tively), the axial ratio (qs = bs/as), and the position angle in
degrees east of north (�s). The e↵ective radius is a good mea-
surement of the total size of the sources.

The goodness of fit for a given set of model parameters is
determined from the maximum likelihood estimate L given by

L =
X

u,v

 |VALMA � Vmodel|2
�2 + log 2⇡�2

!
, (1)

where � is the 1� uncertainty level for each uv complex visi-
bility (hereafter visibility; Fourier transform of the intensity dis-
tribution on the sky) given by the associated weights. In prac-
tice, each source is typically observed by only a handful of
pointings from the full mosaic, and each of these pointings will
have an associated weight that we must apply to its visibili-
ties to combine with those from neighboring pointings. Because
well-determined weights for the visibilities of each pointing are
needed, we performed the following procedure for each source
before fitting.

We estimate an initial source position based on the con-
tinuum images and select all pointings which lie within 1900
(PB� 0.1) of the initial position. We then shift the phase cen-
ter of all the selected pointings to the position of the source. We
correct the amplitudes of the visibilities by the initial PB correc-
tion of each pointing with respect to the position of the source
as datai = datai/PBi, where i is the index of each pointing. The
weights of the visibilities are then corrected by the same PB cor-
rection as for the amplitudes as weighti = weighti ⇥ PB2

i . We
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Fig. 5. F814W � Ks vs. Ks � [3.6] colors for the ALMA-FFs DSFGs (red symbols, both panels). On the left, we compare to 22 ALMA-detected
submm galaxies (SMGs, black circles + crosses) and 142 non-SMG field sources (black crosses) presented by Chen et al. (2016, C16). The
nominal OIRTC cuts adopted by C16 are denoted by the dashed region. The ALMA-FFs DSFGs appear systematically o↵set from the C16 sample
by 0.6–1.0 mag in Ks � [3.6], likely due to di↵erent aperture correction choices. On the right, we compare 11 ALMA-FFs DSFGs to 767 non-
stellar >5� sources from the AstroDeep F160W catalog (black crosses) in the ALMA footprints of the A2744 and M0416 clusters. Following the
prescription in C16, we recalibrate the OIRTC color cuts for the AstroDeep sample, which are again denoted by the dashed region. In both figures,
the 11 objects with detections in Ks are plotted; two objects, namely A2744-ID04 and M0416-ID04, have similar colors and therefore lie on top
of each other in these figures.

value is consistent with what has been found in deep ALMA
imaging of the Hubble Ultra Deep Field (HUDF) reaching a
5� limit of 175 µJy (hzi = 2.1 ± 1.0; Dunlop et al. 2017) and
the extremely deep ALMA Spectroscopic Survey in the HUDF
(ASPECS) reaching a 5� limit of 65 µJy (e.g., hzi = 1.6 ± 0.4;
Aravena et al. 2016). Such an evolution in the mean redshift dis-
tribution of DSFGs as a function of the flux density has been
predicted by Béthermin et al. (2015) using a phenomenological
model. Based on this model, at the observed 5� limit of ⇠0.28–
0.35 mJy for the 1.1 mm sources in the ALMA-FFs, the expected
mean redshift distribution of our survey is hzphoti ⇠ 2.0, which is
fully consistent with our result.

5.3. Colors

As mentioned in Sect. 3, the majority of the counterparts are
quite red. This is not surprising, given that previous studies have
already demonstrated that DSFGs typically have red optical-NIR
colors in i�K, J�K, K� [4.5], etc., foreshadowing their high-z,
dusty nature (e.g., Smail et al. 2002; Dannerbauer et al. 2004).
The sample of DSFGs detected in the ALMA-FFs clearly fol-
lows these trends, as shown in Fig. 5. We note that eight of the
11 objects with Ks measurements have F814W�Ks & 4 (the clas-
sic extremely red object cut) and four have F160W � [4.5] & 3.

Chen et al. (2016, hereafter C16) recently investigated the
use of color selection to isolate DSFGs, settling on the
Optical–IR Triple Color (OIRTC) method using z�K, K � [3.6],
and [3.6]�[4.5] colors to select most optimally submm/mm de-
tected counterparts. The accuracy (Nconfirmed/Nselected ⇠ 90%)
and completeness (Nconfirmed/Ntotal ⇠ 50%) of the dynamic
OIRTC method in the C16 study rivals that of the more tradi-
tional radio identification (e.g., Richards 1999), but beneficially
can select fainter near-IR sources. Intriguingly, only three of
the 11 ALMA-detected galaxies in the FFs satisfy the nominal
OIRTC color cuts found by C16, with nearly all of the remain-
ing objects failing the Ks � [3.6] > 1.25 cut in particular (Fig. 5,
left panel). Additionally, half of the ALMA-FFs DSFGs appear
redder in F814W � Ks than the reddest sources in C16, some by
at least ⇠1–2 mag.

To understand these di↵erences better, we also plot the col-
ors of 767 sources within the ALMA-FFs footprints of clus-
ters A2744 and M0416 from the AstroDeep catalogs, selected
to have >5� confidence detections in the F160, Ks, and [3.6]
images and stellarity parameters of <0.9 (Fig. 5, right panel)3.
Due to the 6.6⇥ larger survey area and 1.7 mag deeper K-band
imaging compared to C16, our field galaxy sample is 5–10 times
larger and includes a large number of cluster galaxies (clumped
around F814W � Ks ⇠ 1.2 and Ks � [3.6] ⇠ �0.8). Regardless
of an ACS (e.g., F814W) detection, only eight field galaxies fall
in the original selection box defined by C16, again largely due
to the Ks � [3.6] cut. As mentioned above, only three of these
are ALMA-detected, implying low selection accuracy (38%) and
completeness (27%). However, the full AstroDeep sample ap-
pears displaced in Ks � [3.6] by ⇠0.6–1.0 mag from that of
C16, likely due to the di↵erent methods adopted for perform-
ing Spitzer IRAC aperture corrections (Chen, priv. comm.). Thus
a degree of caution must be exercised when employing color
cut selection blindly. To compensate for this, we recalibrated
the OIRTC method of C16 directly based on the AstroDeep
photometry, arriving at new color cuts of F814W � Ks > 1.2,
Ks � [3.6] > 0.6, and [3.6]�[4.5] > 0.16. Based on these
new cuts, 10 ALMA-detected DSFGs are selected among 28 to-
tal field galaxies, yielding a formal accuracy (30%) and com-
pleteness (80%). An additional seven objects selected by the
new OIRTC cuts are detected at lower significance (&4�) in the
ALMA maps and another lies within 200 of A2744-ID02, im-
plying a higher accuracy (⇠65%) at similar completeness, more
in line with the values found by C16. For the remaining ten ob-
jects selected by the OIRTC cuts, it is not immediately clear why
they lack significant ALMA emission, although they do show a
S/N ⇠ 3.8 when stacked in aggregate (Carvajal et al., in prep.).
Given the similarity in stellar properties to the ALMA detec-
tions, they likely represent the less dust-obscured tail of the par-
ent distribution.

3 There are roughly an equivalent number of additional FFs galaxies
with limits in F160, Ks, and/or [3.6]. However, nearly all of these are
uninteresting in the sense that they are highly unlikely to occupy the
region of color space where DSFGs lie. For visualization purposes and
simplicity, we exclude these from discussion.
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Table 2. Photometric redshift estimates for the ALMA-FFs sources.

NIR-only constraints NIR+FIR constraints FIR-only constraints
ID RA Dec (Upper limits) (detection) (Upper limits) (detection)

[J2000] [J2000] zphot �2
⌫ 1� zphot �2

⌫ 1� zphot �2
⌫ 1� zphot �2

⌫ 1� zphot �2
⌫ 1�

A2744-ID01 00:14:19.8 �30:23:07.6 2.95? 0.41 2.50�4.77 2.46 0.64 2.2�2.3 3.11 0.66 2.19�3.34 3.69 0.64 2.46�5.00 1.53 0.54 0.47�5.74
A2744-ID02 00:14:18.2 �30:24:47.3 1.35 1.94 1.31�1.41 2.02? 3.44 1.1�2.2. 2.02 3.39 1.70�2.20 � � 2.58�8.00 3.11 0.05 0.37�6.0
A2744-ID03 00:14:20.4 �30:22:54.6 2.52? 0.72 2.07�2.75 2.45 1.09 2.32�2.53 2.43 0.86 1.76�2.59 � � 2.20�8.00 1.23 0.20 0.24�6.00
A2744-ID04 00:14:17.6 �30:23:00.7 1.21 3.81 0.93�1.44 0.79 2.12 0.60�1.00 0.79 2.12 0.60�0.90 1.44 4.81 1.32�1.55 1.02? 1.01 0.93 -1.34
A2744-ID05 00:14:19.1 �30:22:42.2 2.01? 0.28 1.85�2.70 2.34 1.74 1.93�2.44 1.72 0.64 0.70�2.04 � � 2.08� 8.0 1.24 0.30 0.16�6.00
A2744-ID06 00:14:17.3 �30:22:58.7 2.08? 1.33 2.00�2.21 1.30 3.58 1.20�1.40 1.30 3.57 1.20�1.40 2.24 8.81 1.98�2.51 2.27 7.63 1.54�2.63
A2744-ID07 00:14:22.1 �30:22:49.8 2.95 0.69 2.93�3.04 1.85? 0.41 1.71�2.01 1.70 0.54 1.36�2.60 2.14 2.45 1.66�8.0 1.98 1.55 0.70�2.39
M0416-ID01 04:16:10.8 �24:04:47.5 2.23? 1.68 2.20�2.30 1.17 2.64 1.00�1.90 1.70 2.76 1.40�1.91 1.40 0.51 1.09�1.73 1.93 5.72 1.22�2.36
M0416-ID02 04:16:07.0 �24:03:59.9 2.13? 1.17 1.77�2.46 1.29 1.43 1.10�1.47 1.30 1.55 1.10�1.50 1.64 0.43 1.23�2.19 2.03 1.96 1.53�2.44
M0416-ID03 04:16:08.8 �24:05:22.4 1.34 2.86 1.13�1.44 1.29? 1.36 0.90�1.40 1.30 1.41 1.00�1.40 1.47 0.57 1.01�2.08 2.00 1.92 1.60�2.34
M0416-ID04 04:16:11.7 �24:04:19.6 2.27? 0.78 1.66�2.44 2.07 2.47 1.96�2.19 1.61 0.82 1.41�2.08 � � 1.26�8.00 2.09 0.29 1.78�2.39
M1149-ID01 11:49:36.1 +22:24:24.5 1.12? 0.24 0.51�2.30 1.24 1.04 1.00�1.50 1.22 1.11 1.00�1.40,. 1.92 0.27 0.58�2.36 1.86 0.17 1.37�2.48

Notes. Columns: (1) ID; (2), (3) RA, Dec; (4) photometric redshift, (5) �2
⌫ , and (6) 1� confidence interval, respectively, associated with the best

fit of the NIR-SED only; (7), (8), (9) same parameters for the best fit of the full SED (NIR-SED+FIR-SED) assuming upper limits for the MIPS,
PACS, and SPIRE photometry; (10), (11), (12) same parameters for the best fit of the full SED (NIR-SED+FIR-SED) but forcing a detection in
the MIPS, PACS, and SPIRE bands (see text for details); (13), (14), (15) same parameters for the best fit of the FIR-SED only, assuming upper
limits for the MIPS, PACS, and SPIRE photometry; (16), (17), (18) same parameters for the best fit of the FIR-SED only but forcing a detection
in the MIPS, PACS, and SPIRE bands (see text for details). (⇤) Preferred solution (see text for details).

in mind that the deduced properties for A2744-ID06 are subject
to caution (M0416-ID01 has a secure spectroscopic redshift, see
below).

The combined results are listed in Table 2 and are used
to estimate further properties of the ALMA sources listed in
Table A.1.

As a crosscheck on the reliability of our photometric
redshift estimates, we used another SED-fitting tool, iSEDfit
(Moustakas et al. 2013), on the NIR-SED. We find general con-
sistency between the Hyperz and iSEDfit results.

5.2. Spectroscopic redshifts

All of the FFs clusters have been observed within the frame-
work of the Grism Lens-Amplified Survey from Space project
(hereafter GLASS – Cycle 21 ID: 13459, PI: T. Treu) combin-
ing three HST grisms: G800L, G102 and G141 (Treu et al. 2015;
Schmidt et al. 2014). We compared the redshift catalogs released
by the team for A2744, M0416, and M1149 to our photomet-
ric redshifts. Among all the ALMA-FFs DSFGs presented here,
only five objects have GLASS redshifts:

– A2744-ID01: the best photometric redshift is zphot =

2.95+0.45
�1.82 while GLASS obtains a low-quality spectroscopic

redshift of zspec ⇠ 2.9 based on a “red continuum” feature.
These are in relatively good agreement.

– A2744-ID02: the best photometric redshift is zphot =

2.02+0.18
�0.88, while GLASS obtains a good-quality spectro-

scopic redshift of z = 2.482 based on the detection of the
4000 Å break. The GLASS redshift is inconsistent with our
photometric estimate from the NIR-SED (Fig. A.1).

– M0416-ID01: the best photometric redshift is zphot =

2.23+0.07
�0.03 based on the NIR+FIR SED, while GLASS obtains

a high-quality spectroscopic redshift of z = 2.086 based on
the detection of the [Oiii], H� and [Mgii] emission lines. The
GLASS spectrum classifies this object as an AGN and is con-
sistent with the photometric redshifts deduced from both the
NIR-SED and NIR+FIR SED fits (Fig. A.1).

– M0416-ID02: the best photometric redshift is zphot =

2.13+0.33
�0.36, while GLASS obtains a good-quality spectroscopic

Fig. 4. Redshift distributions (photometric or spectroscopic when
available) for the ALMA-FFs sample compared with those obtained
for other deep ALMA imaging surveys: the Hubble Ultra Deep Field
(grey, Dunlop et al. 2017); the ALMA Spectroscopic sample (green,
Aravena et al. 2016) and the ALESS survey (blue, da Cunha et al.
2015).

redshift of zspec = 1.953 based on the detection of the 4000 Å
break. These are in relatively good agreement.

– M1149-ID01: the best photometric redshift is zphot =

1.12+1.18
�0.61, while GLASS obtains a good-quality spectro-

scopic redshift of zspec = 1.460 based on the detection of
the 4000 Å break. The GLASS redshift is relatively consis-
tent with the photometric redshift we estimated from all the
photometric constraints we used in this study.

Based on the above, we adopt GLASS redshifts where available
and use our best zphot estimates otherwise.

Figure 4 compares the redshift distribution of the ALMA-
FFs DSFGs with those from several previous ALMA-
selected samples (da Cunha et al. 2015; Dunlop et al. 2017;
Aravena et al. 2016). The ALMA-FFs sample span a moder-
ate redshift range between 1.0–2.9, with a mean photometric
redshift of hzphoti = 1.99 ± 0.27, where the error bar reflects
the standard deviation. Given the small number statistics, this
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From color 
selection expect 28 
ALMA detections!!

10/28 Detected 
(~30% efficiency)

10/12 Detected (~80% 
completeness)

Rodrigo’s talk tomorrow 
about continuum stacking



Counterpart properties
Laporte et al. 2017a

AFF counterpart galaxies  
consistent with being main  

sequence galaxies

ALESS -> Starbursts



1.1 mm number counts
Muñoz-Arancibia et al (Submitted)

A&A proofs: manuscript no. AFFcounts
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Fig. 11. Differential (top) and cumulative (bottom) counts at 1.1mm compared to ALMA results from the literature. Our counts
(large black filled circles) correspond to median values combining all models for all cluster fields. Error bars indicate the 16th and
84th percentiles, adding the Poisson confidence levels for 1σ lower and upper limits respectively in quadrature. The upper limit
indicates the 84th percentile for a flux density bin having zero median counts. We show previous results reported by Ono et al.
(2014) as red crosses, Carniani et al. (2015) as blue squares, Fujimoto et al. (2016) as green diamonds (with their Schechter fit
shown as a black dashed line), Oteo et al. (2016) as red triangles, Hatsukade et al. (2016) as blue crosses, Aravena et al. (2016) as
green squares, Umehata et al. (2017) as red diamonds and Dunlop et al. (2017) as a black solid curve. We scale the counts derived
at other wavelengths as S1.1mm = 1.29 × S1.2mm and S1.1mm = 1.48 × S1.3mm (following Hatsukade et al. 2016).

Within the uncertainties, our estimates for both
differential and cumulative number counts are in
good agreement with all the aforementioned works
only for our two brightest bins, i.e. down to
0.422mJy. At 0.133 − 0.422mJy, our number counts
are consistent within 1σ with all but Fujimoto et al.
(2016) and Hatsukade et al. (2016) data. At flux
densities fainter than 0.133mJy, the derived 1σ up-
per limits to our differential counts are lower than
Fujimoto et al. (2016) data by ≈ 0.5 dex, being also
inconsistent with their Schechter (1976) best-fitting
function by more than 2σ. Also below this flux den-
sity, our cumulative counts are lower by ≈ 1 dex than
Aravena et al. (2016) data, being inconsistent with
their results at a 3σ level. These findings suggest a
flattening of the number counts.

The counts derived from serendipitously detected
sources are based on detections in fields that targeted a
previously defined set of sources. These counts are expected
to be biased, as the detections might be clustered around
the original targets (Hatsukade et al. 2016). However, and
restricting only to flux densities above 0.133mJy, we
are not able to quantify that bias, given the large
uncertainties in our derived counts. Neither can we
make a strong distinction between our counts, which are
based solely on observations lensed by galaxy clusters, and
those derived from blank-field observations. Intriguingly,

our counts are consistent with those found by Umehata
et al. (2017) toward the SSA22 protocluster, both includ-
ing and not including their detections having spectroscopic
redshifts coincident with the protocluster (in Fig. 11 we
show only the first case).

Below 0.133mJy, our number counts are inconsis-
tent with available data from both a serendipitous
and a blank-field survey. This discrepancy could
be attributed to cosmic variance. However, it may
also reveal the need for further corrections in our
number counts. More specifically, we may require
a proper treatment for the stretching that source
shapes experience in the image plane (see §3.1). Ac-
counting for this could elevate the derived number
counts in the faint end.

We use the Monte Carlo realizations of the differen-
tial number counts to compute the contribution to the
EBL provided by each of them, adding up the contri-
bution contained in each flux bin. From this procedure,
we estimate a median contribution of 6.055+7.969

−2.836

(3.315+8.028
−1.785) Jy deg−2 resolved in our demagnified

sources at 1.1mm down to 0.013 (0.133) mJy, with un-
certainties computed from the 16th and 84th percentiles.

We compare our estimate with the total EBL measure-
ment at that wavelength measured by the Planck collab-
oration. Following Aravena et al. (2016), we interpolate
the Planck measurements (see Planck Collaboration et al.
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Lower counts compared to 
other studies

Cosmic Variance?

Missing extended 
flux?



What about lower 
significance detections?



Work in progress (3.5 < S/N < 5.0)

Use association to NIR source to boost significance

Use taper images to search for extended emission



Two new clusters 

Triple the number of detections

Work in progress



Emission line search
González-López et al. 2017c

4 SPWs from ALMA  
continuum observations

Cubes from each spectral window are  
consistent with Gaussian noise  

simulated cubes

Probability of a line candidate with S/N 
of being false from simulation analysis and from  

negative lines analysis

P = P(S/N) x P(sep)<0.05



Emission line search
González-López et al. 2017c

z=2.62

z=1.96



Emission line search
González-López et al. 2017c

z=0.36

z=0.35



Emission line search
González-López et al. 2017c

z=0.36

z=0.35

We have shown how to use continuum 
ALMA observations to search for emission 

lines.



Results to date from ALMA observations of 
the Frontier Fields galaxy clusters.

• The continuum images reveal 12 detections with intrinsic flux 
densities between 0.1 and 1.7 mJy (magnification between ~2-5). 


• The counterpart galaxies are consistent with most being massive 
main sequence galaxies with a median redshift of z~2. 


• The lensing corrected number counts are lower than other studies. 
This could be explained by cosmic variance or some missing 
extended flux.


• The ALMA Frontier Fields have proven to be useful in the search for 
emission lines in deep continuum ALMA observations.


• More work is on the way to better understand the detected sources.



Future Work
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Figure 2: HST NIR color (left) and ALMA 1.1mm (middle) images of A2744 over ⇡20⇥20 WFC3
footprint. The ALMA > 5� (green or blue squares) and > 4� (red squares) continuum and > 5�
emission line (magenta squares) detections are shown. Circles denote band 3 (2900 radius), 4 (2100),
and 6 (12”) pointings; sizes represent the smallest field-of-view (FOV; 50% HBPD) realized during the
linescan in a given band. The FOVs were placed as a compromise between maximizing sensitivity
to 5� sample targets, including two 4� targets. (right) Mapping of CO emission line ladder as a
function of redshift, with proposed frequency tunings in blue. The line coverage is displayed above,
where red=0 lines, yellow=1 line, and green=2+ lines.

centered on the strong 1.1mm emission. Only a full spectral census can answer these questions. The
ID02/EL01 puzzle alone can motivate this program, but we expect similarly interesting results will
arise for other DSFGs, which benefit from shared overheads. Notably, ID01 and ID04 are unresolved
(<0.5–1.0 kpc) and obtaining kinematic and excitation properties can elucidate better their nature.

Other Science: Although not in the highest magnification area, our proposed data will allow for
the blind detection of CO and [CII] emission lines in a large number of lensed galaxies behind the
FFs clusters. The band 3 scans will probe CO(1-0) gas content in many dozens of cluster galaxies,
allowing assessments of where gas remains cold and possibly tracking low-level star formation at the
cluster outskirts. As we are probing relatively deep in these bands, there may be surprises (e.g.,
Wagg+12), such as detecting ’dark’ (optical/NIR blank) objects or serendipitous line emission which
may potentially be a population of gas-rich galaxies that as yet is ill-characterised but contributes
significantly to the molecular gas luminosity function (Swinbank+12; Ono+14; Decarli+14); there is
1 potential candidate already in A2744 ID02/EL01!

The proposed molecular line scan of the ALMA FFs sources will provide a critical
and important benchmark for understanding the fainter and more di�cult to observe
“typical” DSFGs that have been detected in the UDF and elsewhere.

References: Carilli+Walter13,ARA&A, 51, 105 •Casey+14, PhR, 541, 45 •Casey+16,ApJ, 824, 36•
Casey+17,ApJ, in press (arXiv:170310168) •Chary+Elbaz01,ApJ, 556, 562 •Chapman+09,ApJ, 691,
560•Daddi+09,ApJ,694, 1517•Daddi+10,ApJ,714, 118•Daddi+15,A&A,577, 46•Decarli+14,ApJ,
782, 78 • Genzel+15, ApJ, 800, 20 • Ginolfi+17, arXiv:1611.07026 • Gobat+17, Nature Ast, submit-
ted (arXiv:170302207) •Gonzalez-Lopez+17a, A&A, 597, 41 •Gonzalez-Lopez+17b, A&A, submitted
(arXiv:170403007)•Hsu+16,ApJ, 829, 25•Komatsu+11,ApJS, 192, 18•Laporte+17,A&A, inpress•
Madau+Dickinson14, ARA&A, 52, 415 •Magnelli+13, A&A, 553, 132 •Mahler+17,MNRAS, submit-
ted (arXiv:170206962)•Ono+14,ApJ, 795, 5•Postman+12,ApJS, 199, 25•Scoville+17,ApJ, 837, 150
•Simpson+15,ApJ,799, 81•Simpson+17,ApJ,submitted(arXiv:170403868)•Solomon+VandenBout05,
ARA&A, 43, 677 • Swinbank+14, MNRAS, 438, 1267 • Tacconi+10, Nature, 463, 781 • Treu+1515,
ApJ, 812, 114 •Vallini+13,MNRAS, 433, 1567 •Wagg+12, ApJ, 752, 30 •Walter+12, Nature, 486, 233
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Project cycle 5 to 
do a line search to 
confirm redshifts

Also line scan in 
nearby sources



Completeness Simulations

MACSJ0416

Completeness curve  
produced by interferometric beam size

Strong decrease in  
completeness near critical curves



Emission line search

Spatially Resolved SFR in galaxies in different environments 13

FIG. 10.— Example of galaxies with elliptical broad-band morphology and detected H↵ emission. For each galaxy, the left panel shows the color composite
image of the galaxy based on the CLASH (Postman et al. 2012) or HFF (Lotz et al. 2016) HST data. The blue channel is composed by the F435W, F475W,
F555W, F606W, and F625W filters, the green by the F775W, F814W, F850lp, F105W, F110W filters, and the red by the F125W, F140W, F160W filters. The
central panel shows the H↵ map superimposed on the image of the galaxy in the F140W filter and the right panel shows the H↵ map superimposed on the image
of the galaxy in the F475W filter. Contour levels represent the 35th, 50th, 65th, 80th, 95th percentiles of the light distribution, respectively. Blue contours indicate
that H↵ maps are obtained from one spectrum, purple contours indicate that H↵ maps are obtained from two orthogonal spectra, and green contours indicate that
H↵ maps are obtained combining both the G102 and G141 grisms (only for z > 0.67). In the color composite image, the Field of View is twice as big as the
single band images. A smoothing filter has been applied to the maps and an arbitrary stretch to the images for display purposes. For galaxies in clusters, arrows
on the bottom right corner indicate the direction of the cluster center. The redshift of the galaxy is indicated on the top left corner.

FIG. 11.— Example of galaxies with spiral morphology and asymmetric H↵ mainly due to ram pressure stripping. Panels, colors, lines and labels are as in Fig.
10.

These results confirm our previous findings, based only on
two clusters (Vulcani et al. 2015).

Figure 14 gives the mean values of the distance between
the peak of the H↵ emission and the continuum (F475W fil-
ter), for galaxies showing different H↵ morphologies (left)
and possibly feeling different physical processes (right). Only
galaxies with both PAs are considered. Similar results are ob-
tained for the two offsets separately. Values are in agreement
within uncertainties, but there are hints that e.g. galaxies with
regular H↵ morphologies have smaller offset than galaxies
with a clumpy morphology (especially in clusters). In clus-
ters, galaxies undergoing ram pressure events tend to have
larger offset, as also merging galaxies. Comparing the two
environments, no robust systematic differences are detected.

4.5. Star formation rates

We can relate the results obtained so far to the position of
the galaxies on the SFR-mass plane, to investigate whether
we can establish a link between the specific star formation
rate (or the SFMS) and environmental processes. Figure 15
shows our cluster and field galaxies, overplotted the AEGIS
Noeske et al. (2007) field galaxies and the EDisCS Vulcani
et al. (2010) cluster galaxies, both at z ⇠ 0.5.

The GLASS samples span a wide redshift range (0.3 < z <
0.7), therefore the spread is expectedly due to the evolution
of the SFR-M⇤ relation with z, but our sample is too small to
investigate evolutionary trends.

The Noeske et al. (2007) sample is complete down to
⇠M⇤> 109.7 and logSFR> 0, the Vulcani et al. (2010) sam-
ple down to ⇠ M⇤ > 1010.6 and similar SFRs. Therefore, the
overlap between the GLASS and literature samples is limited.
The GLASS galaxies tend to lay on the SFR-mass relation of
blue galaxies with emission lines or detected in the Infrared

González-López et al. 2017c



Future Work

Figure 2: Color images of the targets for this proposal. The galaxy clusters correspond to
MACSJ0416, MACSJ1149, S1063 and MACSJ0717. The images are centered in the lensed galaxies
that will be targeted for CO detection. In the case of multiple lensed images are present, a red point
represents the pointing of the observations. The FOV of ALMA at this frequencies is at least double
in size as the images shown here. Other galaxies with spectroscopic redshift are also shown in the
images.

Objectives

We want to detect the CO emission in strongly lensed normal star-forming galaxies. These detection
will allow us to:

• Explore the molecular gas in galaxies with intrinsic stellar mass in the range 1–10 ⇥109M�.

• Measure the molecular gas mass in normal star-forming galaxies at high redshift. These mea-
surement should fill the gap in SFR between the local Universe and high redshift. This will
allow us to compare the fuel reservoir in galaxies with comparable SFRs and see how it evolves
with redshift.

• Check if the trend observed in Fig. 1 (left) for MS galaxies continues to lower SFRs. This
would show if the normal/quiescent star formation process is valid for galaxies with low SFR
counts and low molecular gas mass.

• Estimate the consumption time scale for this type of galaxies, and compare the SFE to other
MS galaxies at low and high redshift.

• Determine the size of the molecular gas in the source plane for normal star-forming galaxies.
We have the ability to use the mass models for the galaxy clusters to reconstruct the detected
emission to the source plane using the visibilities of ALMA observations. This should allow us to

3

Search for CO emission in targeted strongly lensed galaxies.


