
The ALMA Frontier Fields Survey and the 
observation of strongly lensed galaxies

The ALMA Quest for Our Cosmic Origins  
A Symposium to Honor Pierre Cox

Jorge González López  
Universidad Diego Portales



Dusty star-forming galaxies (bright end)

• The so-called submillimeter galaxies (SMGs)


• High redshift ULIRGs


• Starburst and MS galaxies

Mergers

Live in overdensities

Low number counts



Dusty star-forming galaxies (faint end)

• How are the number counts and distribution?


• What is the relation between stellar properties and dust 
content?


• How is the distribution of dust and gas across the 
galaxies?

Deep 
observations of 

blank fields
Lensing fields

How to study faint DSFGs?



Lotz et al. 2017

HST + Spitzer Frontier Fields 

Abel 2744 Parallel Field

ACS (F435W=F606W=F814W≈28.4– 29.0 ABmag), 

WFC3 (F105W=F125W=F140W=F160≈29.1– 29.4 ABmag)

IRAC1/IRAC2 (≈25.0 ABmag) 


Galaxy Clusters with the best lensing models!!!



MACSJ0416 MACSJ1149A2744

AS1063 MACSJ0717

2.2’

2.2’

Abel 2744 Parallel Field

Band 6 (1.1 mm) 
rms  of 70 µJy

ALMA Frontier Fields Survey (AFF)

Objective: Obtain a ~4.5 square arcmin 
 mosaic in the central region of each cluster

A370



ALMA Frontier Fields first results

7 Secure 
sources

Sources clustered around  
this position.Critical Curves for z=2 

where magnification is max!!

Model from Zitrin-NFW_v3

González-López et al. 2017a



ALMA Frontier Fields first results

12 Secure 
sources

Intrinsic Flux densities  
between 0.1 and 1.7 mJy

González-López et al. 2017a

Magnification ~2-5



Counterpart Galaxies
Fairly red sources

Small offsets between ALMA  
detections and HST counterparts



Counterpart properties
Laporte et al. 2017a

AFF counterpart galaxies  
consistent with being main  

sequence galaxies

A&A 604, A132 (2017)

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

A132, page 8 of 16



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?



Missing sources towards 
the faint end?



Sizes

General trend: 
dust emission 
more compact 
than optical/
NIR emission



Completeness Simulations

MACSJ0416

Completeness curve  
produced by interferometric beam size

Strong decrease in  
completeness near critical curves



BASIC: A Bright ALMA Survey In the CDF-S 
Cowie et al. 2018 in preparation

González-López et al. 2018a in preparation



BRI1335-0417 (z=4.4)

Continuum band 7 [CII]

Beam~1.4 kpc Contour levels = 2, 4, 8, 16, 32, 64 and 128σ

González-López et al. 2018b in preparation
Infrared luminous QSO



BRI1335-0417 (z=4.4)
González-López et al. 2018b in preparation



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



Pushing the limits with 
lensed gravitational arcs



4 ALMA Partnership et al.

FIG. 2.—ALMA images with uv-tapering to 1000 kλ (CO lines and continuum) or 200 kλ (H2O line). Top: CO J=5-4, 8-7 and 10-9 velocity integrated intensity.
Middle: 2.0 mm, 1.3 mm, and 1.0 mm continuum. Bottom: Band 6&7 spectral index, 1.14mm continuum (combined Band 6 & 7 data; see Appendix A), and
H2O velocity integrated intensity. Beam sizes are ∼170 mas, except for H2O which has a larger ∼0.9′′ beam (see Table 3 for spectral line details).

elliptical galaxy.
3.1.2. Spectral index

The combined Band 6 and Band 7 spectral index image, ob-
tained from data tapered to 1000 kλ (see Section 2), is shown
in Figure 2. Pixels<4σ have beenmasked. The mean spectral
index in the unmasked regions is 2.34±0.61, with the mean
value measured in the W and E arcs comparable within the
uncertainties (2.45±0.72 compared to 2.30±0.57). The range
of values is consistent with dust spectral indices from 1.4-4.
We note, however, that from the flux densities given in Ta-
ble 1, which represent the total emission region as opposed to
the higher S/N regions defined by the spectral index image,
the average spectral index is 1.8±0.2.

3.2. CO J=10-9, J=8-7 and J=5-4 line emission
3.2.1. Properties of the CO images

CO J=10-9, J=8-7 and J=5-4 velocity integrated intensity
images are presented in Figure 2. The CO morphology is
broadly consistent with the overall two-arc morphology seen
in continuum, with a larger and higher surface brightness E
arc and a smaller and generally lower surface brightness W
arc. The symmetric distribution of the continuum peaks, how-
ever, is not matched in CO, with the CO emission appearing
more clumpy throughout the arc structures. The CO emission
also appears to trace a somewhat more extended and less well-
defined ring than the continuum at the same angular resolu-
tion. For CO J=5-4, the peak integrated intensities are com-

ALMA Partnership et al. 2015

SDP.81 (z=3.04)
Strongly lensed  

SMG



Sharon et al. 2012

RCS0327 (z=1.7)

Second brightest  
optical giant arc

Low-metallicity  
starburst 



González-López et al. 2017b4 Gonz
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(a) (b)

(c) (d)

(e) (f)

Figure 1. panels a, b, c and d: 2D maps representation of the lines and continuum emission over a color image created using
HST imaging (F390W for blue, F606W and F814W for green and F098M, F125W and F160W for red). The contours represent
1� steps of the emissions starting at ±2�. The red lines shows the primary beam for both observations while the synthesized
beams are shown in the left corner of each panel. The labeled regions correspond to those identified in Sharon et al. (2012). The
cyan solid lines represent the critical curves for a source at z = 1.704. panels e and f: CO(3-2) and CO(6-5) spectra extracted in
di↵erent regions of the arc labeled in upper panels. The gray regions shows the frequency range used to create the line emission
image.

RCS0327 (z=1.7)



González-López et al. 2017b

RCS0327 (z=1.7)

Red: Continuum

Ratio CO(6-5)/
CO(3-2)

Green: CO(3-2)Blue: UV

Gas follows star-forming 
 regions

Higher CO excitation towards  
star-forming clumps



González-López et al. 2017b

RCS0327 (z=1.7)

High redshift version of 
blue compact dwarfs

Need higher resolution to 
 resolve star-forming clumps



Results to date from ALMA observations of 
strongly lensed galaxies.

• 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. Two phase continuum emission?


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


• Strongly lensed galaxies offer unique opportunity to resolved the 
interstellar medium of high redshift galaxies. 


