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• 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?

How to study DSFGs?
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HST + Spitzer Frontier Fields
Lotz et al. 2017

ACS (F435W=F606W=F814W≈28.4– 29.0 ABmag),
WFC3 (F105W=F125W=F140W=F160≈29.1– 29.4 ABmag)
IRAC1/IRAC2 (≈25.0 ABmag)
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Galaxy Clusters with the best lensing models!!!
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ALMA cycle 2

es for the di↵erent galaxy clusters.

Cluster name
Abell 2744
MACS J0416
MACS J1149

Map
Natural
Natural
Natural

bmax [00 ]
0.63
1.52
1.22

bmin [00 ]
0.49
0.85
1.08

bPA [ ]
86.14
–85.13
–43.46

rms [µJy beam 1 ]
55
59
71

er name. Column 2: image weighting method used. Column 3: major axis of synthesized beam, bmax , in arcseconds.
synthesized beam, bmin , in arcseconds. Column 5: position angle of synthesized beam, bPA , in degrees. Column 6: highest
achieved in each synthesized image, in µJy beam 1 .

calibrator was J1256 0547 and the phase
2914. We estimate that the flux calibration
ate to ⇠8% based on a comparison of the
erent flux calibrators.

re created using natural weighting, which
sensitive since it optimally weights all of
et al. 1999).
Image details
are provided
Diﬀerent
degrees
of in
nthesized
beams and rmsin
sensitivities
homogeneity
depth dec observations of each cluster. The A2744
t rms (55 µJy beam 1 ) amongst the obell as the smallest beam due to the more
uration in which it was partially observed;

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 pointing, 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 T sys values for the same pointings, further decreasing the sensitivity. The
combination of these factors explains the observed Purity
drop in sensiof 100% for S/N≥5
tivity toward
the bottomexecution!!
left side of the mosaic for MACS J0416.
Unfinished
from negative counts and simulations
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,
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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

A2744-ID01
A2744-ID02
A2744-ID03
A2744-ID04
A2744-ID05
A2744-ID06
A2744-ID07
MACS J0416-ID01
MACS J0416-ID02
MACS J0416-ID03
MACS J0416-ID04
MACS J1149-ID01

1.495 ± 0.081
1.656 ± 0.131
1.074 ± 0.084
1.012 ± 0.099
0.859 ± 0.125
0.822 ± 0.129
0.500 ± 0.108
1.144 ± 0.089
0.455 ± 0.081
0.375 ± 0.091
0.367 ± 0.089
0.500 ± 0.104

1.545 ± 0.081
3.262 ± 0.213
1.979 ± 0.137
1.173 ± 0.111
1.422 ± 0.188
2.274 ± 0.274
0.716 ± 0.149
1.356 ± 0.111
0.626 ± 0.111
0.477 ± 0.114
0.456 ± 0.111
0.635 ± 0.125

1.7
10.3
7.9
2.0
3.0
12.1
1.5
3.0
2.8
4.7
3.0
1.1

1.6
2.2
2.0
1.7
0.7
11.9
1.4
0.6
2.0
4.3
2.9
0.5

Fuv

fit

[mJy]

1.570 ± 0.073
2.816 ± 0.229
1.589 ± 0.125
1.009 ± 0.074
1.113 ± 0.135
1.283 ± 0.241
0.539 ± 0.082
1.319 ± 0.103
0.574 ± 0.132
0.411 ± 0.072
0.478 ± 0.166
0.579 ± 0.134

Intrinsic Flux
densities between
0.1 and 1.7 mJy

Magnification ~2-5

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 parameters 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 elliptical Gaussian to each source. For a PS, we fixed the size and
angle of the elliptical Gaussian to that of the synthesized beam,

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
p of the source (RA, Dec), the e↵ective radius defined as
rs = as ⇥ bs (b and a are the major and minor axis respectively), the axial ratio (qs = bs /as ), and the position angle in
degrees east of north ( s ). The e↵ective radius is a good measurement of the total size of the sources.
The goodness of fit for a given set of model parameters is
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0.64 2.2 2.3
3.44 1.1 2.2.
1.09 2.32 2.53
2.12 0.60 1.00
1.74 1.93 2.44
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0.41 1.71 2.01
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3.11
2.02
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(detection)
2
1
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0.66 2.19 3.34
3.39 1.70 2.20
0.86 1.76 2.59
2.12 0.60 0.90
0.64 0.70 2.04
3.57 1.20 1.40
0.54 1.36 2.60
2.76 1.40 1.91
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1.41 1.00 1.40
0.82 1.41 2.08
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(Upper limits)
(detection)
2
2
zphot
1
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1
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⌫
3.69 0.64 2.46 5.00 1.53 0.54 0.47 5.74
2.58 8.00 3.11 0.05 0.37 6.0
2.20 8.00 1.23 0.20 0.24 6.00
1.44 4.81 1.32 1.55 1.02? 1.01 0.93 -1.34
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2.08 8.0 1.24 0.30 0.16 6.00
2.24 8.81 1.98 2.51 2.27 7.63 1.54 2.63
2.14 2.45 1.66 8.0 1.98 1.55 0.70 2.39
1.40 0.51 1.09 1.73 1.93 5.72 1.22 2.36
1.64 0.43 1.23 2.19 2.03 1.96 1.53 2.44
1.47 0.57 1.01 2.08 2.00 1.92 1.60 2.34
1.26 8.00 2.09 0.29 1.78 2.39
1.92 0.27 0.58 2.36 1.86 0.17 1.37 2.48
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hift, (5) 2⌫ , and (6) 1 confidence interval, respectively, associated with the best
st fit of the full SED (NIR-SED+FIR-SED) assuming upper limits for the MIPS,
s for the best fit of the full SED (NIR-SED+FIR-SED) but forcing a detection in
(14), (15) same parameters for the best fit of the FIR-SED only, assuming upper
18) same parameters for the best fit of the FIR-SED only but forcing a detection
eferred solution (see text for details).
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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 nonstellar >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 distribution 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

10/28 Detected
(~30% eﬃciency)

To understand these di↵erences better, we also plot the colors of 767 sources within
the Detected
ALMA-FFs footprints
of clus10/12
(~80%
ters A2744 and M0416 from the AstroDeep catalogs, selected
completeness)
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
Rodrigo’s
talk
tomorrow
imaging compared to C16, our field galaxy sample is 5–10 times
about
continuum
stacking
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
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1.1 mm number counts
A&A proofs: manuscript no. AFFcounts

Muñoz-Arancibia et al (Submitted)
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Fig. 11. Diﬀerential (top) and cumulative (bottom) counts at 1.1 mm compared to ALMA results from the literature. Our count
(large black filled circles) correspond to median values combining all models for all cluster fields. Error bars indicate the 16th an
84th percentiles, adding the Poisson confidence levels for 1σ lower and upper limits respectively in quadrature. The upper limi

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

Work in progress

Two new clusters

Triple the number of detections

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
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z=2.62

z=1.96

Emission line search
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z=0.36

z=0.35

Emission line search
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z=0.36

We have shown how to use continuum
ALMA observations to search for emission
lines.
z=0.35

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
Project cycle 5 to
do a line search to
confirm redshifts
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Figure 2: HST NIR color (left) and ALMA 1.1 mm (middle) images of A2744 over ⇡20 ⇥20 WFC3
footprint. The ALMA > 5 (green or blue squares) and > 4 (red squares) continuum and > 5
Also line scan in
emission line (magenta squares) detections are shown. Circles denote band 3 (2900 radius), 4 (2100 ),
nearby sources
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,

Completeness Simulations
MACSJ0416

Completeness curve
produced by interferometric beam size

Strong decrease in
completeness near critical curves

Emission line search
González-López et al. 2017c

tric H↵ mainly due to ram pressure stripping. Panels, colors, lines and labels are as in Fig.

Future Work

Search for CO emission in targeted strongly lensed galaxies.

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

