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Why lensed galaxies?
• Unique opportunity to get detailed information on the internal 

structure and kinematics of high-z galaxies during their most active, 
dust-enshrouded star-formation phase 

• This information is crucial to understand the key processes 
governing the galaxy formation and early evolution 

• The only way to get direct information on physical processes at 
work is to look inside the high-z star-forming galaxies. 

• Strong gravitational lensing allows us to study high-z galaxies in 
extraordinary detail, otherwise beyond reach of present-day 
instrumentation, thanks to the flux magnification combined with a 
stretching of images



Why lensed galaxies?
A&A 604, A117 (2017)

Fig. 1. Morphology and kinematics of CO(4–3) line emission in the Ruby. Left to right: continuum and gas-mass surface brightness, velocities
(in km s�1) and Gaussian line widths (FWHM/2

p
2 ln 2, also in km s�1). Contours show the continuum morphology at approximately 750 µm

in the rest frame; they start at 3�, and increase in steps of 2�. The ellipse in the lower left corner of each panel shows the ALMA beam size of
0.1400 ⇥ 0.0600.

dusty GEMS), discovered with the Planck all-sky survey. The
modified blackbody fits to the Herschel/SPIRE photometry of
Cañameras et al. (2015, C15 hereafter) indicates an observed
peak flux density in the far-infrared of µS FIR = 1135 ± 2 mJy at
300 µm, which, when integrating over 8–1000 µm, corresponds
to µLFIR = 2.65 ± 0.02 ⇥ 1014

L� at z = 3.0. SMA-850 µm
and ALMA-3 mm interferometry show a near-complete Einstein
ring with 1.400 diameter, encircling a massive galaxy with a spec-
troscopic redshift z = 1.52, one of the highest-redshift lenses
currently known (Cañameras et al. 2017, C17 hereafter), which
itself does however not contribute significantly to the bright
far-infrared emission. Detailed lens modeling with LENSTOOL
(Jullo et al. 2007) suggests typical gravitational magnification
factors between 10 and 40 for the di↵erent clumps along the
ring (C17). An AGN may contribute at most 10% to the FIR
luminosity, and the source falls near the local far-infrared radio
correlation (C15); AGN feedback is therefore unlikely to play a
major role in the gas dynamics or regulation of star formation.
Here we focus on the first part of our ALMA program, high-
resolution interferometry of the CO(4–3) line with the long base-
line array, which allows us to probe the local star-formation law
on scales below 100 pc, even at long wavelengths of ⇠3 mm,
which are best suited to probe relatively low-J CO transitions.
We also present a first discussion of how feedback from star for-
mation leaves its imprint on the resolved star-formation law and
kinematic properties of the gas.

The outline of the paper is as follows: in Sect. 2 we present
our observations and describe the data reduction. In Sect. 3 we
describe the gas and dust morphology of the Ruby and the kine-
matic properties of the molecular gas as probed by the CO(4–3)
line. We also investigate the impact of di↵erential lensing. In
Sect. 4 we discuss the intrinsic properties of the two indepen-
dent regions within the same galaxy, which give rise to the two
systems of multiple, gravitationally lensed images seen in the
Ruby. In Sect. 5 we present the resolved Schmidt-Kennicutt law
between gas-mass surface density and star-formation intensity.
In Sect. 6 we discuss the energy and momentum injection from
star formation into the gas, and investigate whether this can drive
the gas turbulence, and regulate star formation in the way sug-
gested by the Schmidt-Kennicutt diagram. We summarize our
results in Sect. 7.

Throughout the paper, we adopt the flat ⇤CDM cos-
mology from Planck Collaboration XVI (2014), with H0 =
68 km s�1 Mpc�1,⌦m = 0.31, and⌦⇤ = 1�⌦m. At z = 3.005 this
implies a luminosity distance of 26.0 Gpc, and a projected phys-
ical scale of 7.85 kpc arcsec�1. Where appropriate, we explicitly

mention the magnification factor µ to mark results that have not
been corrected for the gravitational magnification, unless we re-
fer to surface densities which are conserved by the lens.

2. Observations and data reduction

2.1. ALMA band 3 interferometry of CO(4-3) and dust

These ALMA Cycle 3 data (2015.1.01518.S, PI Nesvadba) were
taken on October 23 2015 in the long baseline configuration
C36-8 with maximum baselines of over 10 km. The target was
observed for 58 min with 35 antennas in excellent conditions
with precipitable water vapor PWV of around 0.6–1.0 mm and
high phase stability (95–100 µm rms on baselines of 6500 m).
We had centered baseband 1 on the redshifted CO(4–3) line at
114.888 GHz, and the remaining three spectral windows onto
the continuum at frequencies of 100.908 GHz, 102.783 GHz,
and 112.897 GHz, respectively.

For the reduction of the ALMA data we used the standard
manual scripts with the Common Astronomy Software Applica-
tion (CASA), applying automatic and manual flagging of visibil-
ities, calibrating bandpass, phase and amplitude/flux, and using
CLEAN to construct the synthesized beam de-convolved images
of the frequency data cubes and continuum images. For antenna
positions we used the best estimates available from the entire
campaign of baseline monitoring throughout the long baseline
observing in October and November 2015.

The data were imaged into cubes using the “channel” and
“velocity” modes, “briggs” weighting with robust = 0.5, and cus-
tom cleaning masks using 1000 iterations. The rms in the final
continuum image is 0.014 mJy beam�1, and 0.34 mJy beam�1

in the CO(4–3) cube for a spectral channel width of 24.4 MHz
(63.7 km s�1). The beam size is 0.1400 ⇥ 0.0600 along PA = 55�.

3. Results

3.1. Continuum and gas morphology and gas kinematics

In the left panel of Fig. 1 we show the continuum morphology
extracted from the two line-free windows 1 and 2 at 100.9 and
102.8 GHz as both gray-scale and contours. These frequencies
correspond to 404 GHz and 412 GHz in the rest-frame, respec-
tively (and to wavelengths of 742 µm and 728 µm, respectively).

The Ruby consists of several clumps belonging to two im-
age systems identified in C17, which form a partial Einstein ring
around a massive galaxy at z = 1.52, with 1.400 diameter. The
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ALMA observation - Strongly lensed galaxy at z~3, µ~30, spatial resolution of ~60 pc

velocity ranges fairly cleanly separate the wind
and internal absorption (17).
The doubly-imaged continuum emission in

Fig. 1 is consistent with the lensing of a single
background galaxy, with a well-determined extent,
by a single foreground lens. The reconstructions
of the dust continuum and each absorption com-
ponent are shown in Fig. 2. The continuum is
dominated by a single bright region ~1.2 kpc
in diameter (17), with flux density S400GHz =

9.0 mJy (1 Jy = 10−26 Wm−2 Hz−1) magnified by
a factor m = 5.8. The internal absorption, aris-
ing from gas within the galaxy, is concentrated
toward the center of the object. This is to be
expected, as the continuum is brightest and gas
column densities are highest toward the nu-
clear region, making the detection of absorp-
tion easier.
The geometry of the molecular outflow is

more complex and is not confined to the center

of the galaxy. Instead, it is clustered into mul-
tiple clumps, separated from each other by a few
hundred parsecs, corresponding to ≈2.5 FWHM
resolution elements (17). Because absorption is
easier to detect against a strong continuum, we
would expect a geometry similar to that of the
internal absorption if the continuum were the
limiting factor in the reconstruction. Tests using
mock data also show that absorbing components
weaker than the outflow are well recovered by
our reconstructions (17).
The overall covering fraction of the wind is

high—80% of pixels with a continuum signal-to-
noise ratio of >8 have significantwind absorption
(although these pixels are not all independent)
(17). If the covering fraction along the line of
sight we observe is the same as that for the rest
of the source, this implies a total wind opening
angle of ~0.8 × 4p sr. On the other hand, we can
set a rough lower limit on the opening angle if
we assume that we have observed the entirety of
the outflow and that the molecular material is
destroyed by the time it reaches a few galaxy radii
away, as in local starburst galaxies (6). If the
maximum radius of the outflowing material is
2 galaxy radii, for example, then the solid angle
of a sphere of this radius subtended by the source

is ðpr2effÞ=
!
4pð2reffÞ2

"
# 4p sr, with reff repre-

senting the radius of the galaxy. With an 80%
covering fraction of the source along the line of
sight, this implies a minimum opening angle of
0.2p sr.
In low-redshift galaxies, the 119-mmOH tran-

sitions are very optically thick (21), and the ab-
sorption depth thus directly corresponds to the
covering fraction of the continuum. The differ-
ence between the 80% covering fraction fromour
lens modeling and the peak wind depth (~15%)
mirrors the discrepancy between the typical ab-
sorption depths and the high detection rate of
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Fig. 2. Lensing reconstruction of the continuum and OH absorption
in SPT2319−55. (A) Source-plane structure of the rest-frame 119-mm
continuum emission after modeling of the effects of gravitational
lensing. Contours are shown at signal-to-noise ratios of 8, 16, and 32;
these contours are repeated in subsequent panels. The ellipse at the
lower left shows the effective resolution of the reconstruction (17).
The lensing caustics (lines of theoretically infinite magnification) are
also shown. Coordinates are offset relative to the ALMA phase center.

(B) Reconstruction of the absorption due to gas internal to SPT2319−55.
(C) Reconstruction of the molecular outflow. Because the recon-
struction of the absorption requires the presence of continuum
emission, in panels (B) and (C) we mask pixels with a continuum
signal-to-noise ratio of <8. We separate the internal and outflow
absorption by using the velocity ranges labeled in Fig. 1. Ellipses at the
lower left indicate the effective spatial resolution of the absorption
reconstructions (17).

Fig. 1. ALMA 400-GHz continuum image and OH spectrum of SPT2319−55. (A). The
ALMA continuum data (red contours) overlaid on a 2.2-mm image of the foreground lens galaxy.
Contours are drawn at 10, 30, 50, 70, and 90% of the peak value; the data reach a peak
signal-to-noise ratio of ~140. The synthesized beam is shown by a striped ellipse at the lower
left. (B) The integrated apparent (not corrected for lensing magnification) OH 119-mm spectrum
of SPT2319−55, with the velocity scale relative to the higher-frequency component of the
OH doublet. The rest velocities of the two doublet components are shown with vertical dashed
lines, and we show an ALMA [CII] spectrum of this source (17) as an indication of the linewidth
of this galaxy due to internal gas motions (with arbitrary vertical normalization). We fit the
OH 119-mm spectrum as described in the text; the navy dotted line shows the component
due to gas within the galaxy, the navy dashed line the blueshifted outflow component, and
the navy solid line the total absorption profile. We mark the velocity ranges for which we
created lens models with horizontal bars above the continuum.
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ALMA observation - fast (800 kms/s) massive 
molecular outflows in a lensed galaxy at z~5.3



The Planck Mission and 
CMB



Lensed galaxies from Planck 
maps

• So far about ~40 strongly lensed galaxies have 
been discovered from Planck catalogues 

• But in the full high Galactic latitude Planck sky we 
expect a total number of ~150 lensed galaxies 

• This sample would offer a unique opportunity for 
statistical studies of the foreground lensing 
population



Selecting candidates from 
Planck maps

• Selecting at the three highest Planck frequencies: 
(353, 545, and 857 GHz)

A&A 653, A151 (2021)

PHz sources that are included in the PCCS2 is thus far larger
than in the general PHz catalogue. Taking the strong incomplete-
ness of the sample of confirmed strongly lensed galaxies into
account, they may well be the majority in the PCCS2 sub-sample
of the PHz, and even more after our selection. Nevertheless,
our cross-matches with the SPT and H-ATLAS catalogues have
highlighted that some of our high-z candidates may be resolved
by the SPT or by Herschel and may therefore be proto-clusters
that are not included in the PHz catalogue.

Another population that can meet our selection criteria
because of their red sub-mm colours, similar to those of high-z
sources, are Galactic cold clumps (Planck Collaboration XXVIII
2016). Most of them are found close to the Galactic plane, but
some were detected at high Galactic latitude as well. We found
99 matches within 3 arcmin between the GCC catalogue and
the PCCS2. Thirty-four of them, including 8 confirmed strongly
lensed galaxies, meet our selection criteria. The substantial frac-
tion of strongly lensed galaxies obviously implies that the pres-
ence in the GCC catalogue cannot be a valid criterion for
excluding sources from our lists. On the other hand, these objects
are of great interest per se because they provide key informa-
tion on the early phases of star formation (Planck Collaboration
XXVIII 2016).

Most published model predictions at sub-mm wave-
lengths (Perrotta et al. 2002, 2003; Negrello et al. 2007, 2017;
Béthermin et al. 2011; Cai et al. 2013) refer to galaxy-galaxy
lensing. In this case, a maximum magnification µmax ' 15 is
indicated by the data (see Fig. 7 of Negrello et al. 2017). The
extreme magnifications of Planck strongly lensed galaxies can
be understood in terms of lensing by galaxy groups or clusters
(Frye et al. 2019), however.

Figure 6 shows our estimate of the integral number counts
of strongly lensed galaxies detected by Planck, compared to
observed and predicted counts of galaxy-galaxy lensed galaxies
at 500 µm (600 GHz). This estimate was obtained as follows. The
90% completeness flux density limit at our reference frequency
of 545 GHz is S 545,lim ' 500 mJy (Planck Collaboration XXVI
2016; Maddox et al. 2018). We can identify Planck-detected
strongly lensed galaxies with good completeness and reliabil-
ity only in areas that rare covered by deeper, higher angular
resolution surveys, that is, over the 3100 deg2 surveyed by the
SPT plus H-ATLAS. We have 11 such sources in this area, 7
of which have a flux density above S 545,lim. For a typical red-
shift z ' 2, the proto-spheroidal SED by Cai et al. (2013) yields
S 500 µm/S 545 GHz = 1.2. After correcting for the 10% incom-
pleteness, we find N(>500 mJy) = 2.5(+1.3,�0.8) ⇥ 10�3 deg�2

at 500 µm, with Poisson errors computed following Gehrels
(1986).

The figure shows that the counts of Planck strongly lensed
galaxies indeed exceed the extrapolation of observed counts
and model predictions, both referring to galaxy-galaxy lens-
ing. The important role of galaxy-cluster lensing is supported
by the results of our cross-match with cluster catalogues. We
have found a total of 20 associations of our lensed candidate
samples with the Planck SZ catalogue (Planck Collaboration
XXVII 2016). This catalogue is not deep enough for a thor-
ough search for associations, but it the best available option
at the moment while we wait for the eROSITA cluster survey.
Deeper catalogues cover a small fraction of the sky. The Planck

SZ catalogue contains 1653 clusters spread over '34 500 deg2.
Their mean surface density is thus of '0.048 clusters deg�2. The
number of chance associations within the total searched area
'⇡(5/60)2 ⇥ Ncand ' 8.2 deg2, Ncand = 377 being the sum of
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Fig. 6. Contributions of di↵erent source populations, specified in the
legend, to the integral number counts at 500 µm (600 GHz), compared
with observational data. The counts of late-type, normal, and starburst
galaxies and of unlensed dusty star-forming galaxies (DSFGs), inter-
preted as proto-spheroidal galaxies in the process of forming the bulk of
their stars, are from the Cai et al. (2013) model. The orange band shows
the counts of strongly lensed (magnification µ > 2) DSFGs recomputed
by Negrello et al. (2017) for magnification cut-o↵s, µmax, in the range
10�15. The calculations were made exploiting the Cai et al. (2013)
model coupled with the Lapi et al. (2012) formalism to include galaxy-
galaxy lensing. The counts of radio sources (dot-dashed green line) are
from the Tucci et al. (2011) model. The data points are from Glenn
et al. (2010), Chen et al. (2013), Casey et al. (2013), and Zavala et al.
(2017). The purple star in the bottom right corner shows our estimate
of the counts of Planck-detected strongly lensed galaxies. As expected,
these counts exceed predictions for galaxy-galaxy lensing, consistent
with being mostly contributed by galaxy-cluster lensing. Adapted from
Fig. 8 of Negrello et al. (2017).

candidates in our 3 samples, is 0.39. The Poisson probability of
having by chance 20 associations when the expected number is
0.39 is vanishingly small, confirming that our candidates have a
strong excess of foreground clusters.

Unfortunately, calculations including magnifications by
galaxy clusters (Lima et al. 2010; Er et al. 2013) use outdated
models and do not extend their predictions to the flux densities
of interest here. A proper comparison of our count estimate with
model predictions is therefore precluded at this stage.

To summarize, some useful indications are provided for the
expected number of Planck-detected strongly lensed galaxies by
the cross-matches with the SPT and H-ATLAS surveys. The
two surveys contain a total of 17�22 confirmed or very likely
strongly lensed galaxies detected by Planck over an area of
3100 deg2. This corresponds to 149�192 such objects over the
full area at |b| > 20� ('2.71 ⇥ 104 deg2).

We conclude that Planck-detected strongly lensed galaxies
constitute a rich enough sample to provide a uniquely detailed
view of the internal structure and kinematics of galaxies across
the peak of the cosmic star formation through high-resolution
spectrophotometric follow up. Moreover, this sample can be
exploited to study the spatial distribution of dark and lumi-
nous mass in galaxies or galaxy clusters acting as lenses over
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Fig. 2. Redshift distribution of Planck Early Release Compact Source
Catalogue (ERCSC; Planck Collaboration VII 2011) galaxies detected
at 545 GHz (Negrello et al. 2013, no more recent redshift distribution
for a complete sample of Planck dusty galaxies is available). They are
all local (z < 0.1). At fainter flux densities, strongly lensed galaxies at
much higher redshifts (z & 1) begin to appear, with nothing in between.
The redshift distribution of known strongly lensed galaxies detected by
Planck (Table 1) is shown here. The broad gap between the two popu-
lations persists at least down to a flux density of 100 mJy at 600 GHz
(Negrello et al. 2017).

Fig. 3. Distribution in the S 857/S 545 vs S 545/S 353 colour–colour plot
of Planck-detected galaxies with S 545 � 500 mJy. For this diagram we
used the multi-band BeeP photometry (Planck Collaboration Int. LV
2020). Radio sources were removed by cross-matching the sample with
the PCNT catalogue (Planck Collaboration Int. LIV 2018). The ten con-
firmed strongly lensed galaxies in this sample (filled blue circles) have
colours at the red end of the distribution of the other galaxies (filled red
squares). Still redder objects are likely GCC (see text).

Another possibility would be to use machine-learning tech-
niques to select lensed candidates. This would require massive
simulations using the Planck Sky Model (Delabrouille et al.
2013), for instance, to produce a tailored training set. However,
we preferred to resort to the work-intensive approach described
in Sect. 2, where we also present our results. In Sect. 3 we sum-
marise and discuss our main conclusions.

2. Method

2.1. Overview

As mentioned above, picking up strongly lensed galaxies from
Planck catalogues is di�cult because they are a tiny fraction
of the detected sources and their flux densities are generally near
the detection limit, as expected given the steepness of the bright
end of their source counts (Perrotta et al. 2002, 2003; Negrello
et al. 2007, 2017; Vieira et al. 2010; Mocanu et al. 2013; Everett
et al. 2020). Sub-mm PCCS2 sources at high Galactic latitude
(|b| > 20�)1 are mostly nearby star-forming galaxies with a small
fraction of extragalactic radio sources, which dominate at cm and
mm wavelengths (Planck Collaboration Int. VII 2013). In addi-
tion, there are galaxy over-densities (Planck Collaboration Int.
XXVII 2015; Planck Collaboration Int. XXXIX 2016), Galac-
tic cirrus (Herranz et al. 2013) and Galactic cold clumps (GCC;
Planck Collaboration XXVIII 2016), intensity peaks of the cos-
mic infrared background (CIB), and the rare strongly lensed
galaxies we searched for.

Because we are interested in dusty galaxies, we considered
only Planck channels at ⌫ � 353 GHz. As predicted by Negrello
et al. (2007) and confirmed by the analysis of H-ATLAS data
(Negrello et al. 2017), unlensed dusty galaxies are at z . 0.1
(see also Negrello et al. 2013) and lensed galaxies are at z >
1 (see Fig. 2) at the bright detection limits of the Planck sub-
mm surveys. They therefore have substantially colder sub-mm
colours.

Thus sub-mm colours are a distinctive property of strongly
lensed galaxies. The question then is whether these sources can
be selected simply based on colours. The PCCS2 photometry
is frequently limited to one or two frequencies, which is not
enough to answer this question. Fortunately, multi-band photom-
etry obtained with the Bayesian extraction and estimation pack-
age (BeeP) has recently been published (Planck Collaboration
Int. LV 2020). We selected sources with S 545 � 500 mJy at high
Galactic latitudes (|b| � 20�). This flux density limit is slightly
lower than the 90% completeness limit in the extragalactic zone
given by Planck Collaboration XXVI (2016), 555 mJy, but con-
sistent with the limit obtained from the comparison between
Planck and H-ATLAS photometry (Maddox et al. 2018).

Radio sources were identified and removed by cross-
matching the BeeP sample with the Planck multi-frequency cat-
alogue of non-thermal sources (PCNT; Planck Collaboration
Int. LIV 2018). The distribution of sources in the S 857/S 545 vs
S 545/S 353 plane is shown in Fig. 3. The ten confirmed strongly
lensed galaxies comprised in the BeeP sample populate the red
end of the distribution, but their positions in the diagram are not
clearly separated from those of unlensed galaxies. This shows
that colours are useful to remove most nearby galaxies, but these
are still by far more numerous than lensed galaxies in any region
encompassing the colours of the latter. The reason is that the
uncertainties in the flux densities measured by Planck are so
large that the di↵erences in colour between local and lensed
galaxies are blurred. Thus the selection must be refined.

1 At low Galactic latitudes the reliability of source detection cannot be
accurately assessed because of the confusion from Galactic cirrus emis-
sion. Therefore the Planck Collaboration has adopted a set of Galactic
masks, defined by Planck Collaboration XV (2014), to exclude regions
to various levels of dust contamination. Our choice, |b| > 20�, roughly
corresponds to the region outside the Planck G65 mask.
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Different sub-mm colours

• High-z lensed galaxies are substantially redder

A&A 653, A151 (2021)

Fig. 2. Redshift distribution of Planck Early Release Compact Source
Catalogue (ERCSC; Planck Collaboration VII 2011) galaxies detected
at 545 GHz (Negrello et al. 2013, no more recent redshift distribution
for a complete sample of Planck dusty galaxies is available). They are
all local (z < 0.1). At fainter flux densities, strongly lensed galaxies at
much higher redshifts (z & 1) begin to appear, with nothing in between.
The redshift distribution of known strongly lensed galaxies detected by
Planck (Table 1) is shown here. The broad gap between the two popu-
lations persists at least down to a flux density of 100 mJy at 600 GHz
(Negrello et al. 2017).

Fig. 3. Distribution in the S 857/S 545 vs S 545/S 353 colour–colour plot
of Planck-detected galaxies with S 545 � 500 mJy. For this diagram we
used the multi-band BeeP photometry (Planck Collaboration Int. LV
2020). Radio sources were removed by cross-matching the sample with
the PCNT catalogue (Planck Collaboration Int. LIV 2018). The ten con-
firmed strongly lensed galaxies in this sample (filled blue circles) have
colours at the red end of the distribution of the other galaxies (filled red
squares). Still redder objects are likely GCC (see text).

Another possibility would be to use machine-learning tech-
niques to select lensed candidates. This would require massive
simulations using the Planck Sky Model (Delabrouille et al.
2013), for instance, to produce a tailored training set. However,
we preferred to resort to the work-intensive approach described
in Sect. 2, where we also present our results. In Sect. 3 we sum-
marise and discuss our main conclusions.

2. Method

2.1. Overview

As mentioned above, picking up strongly lensed galaxies from
Planck catalogues is di�cult because they are a tiny fraction
of the detected sources and their flux densities are generally near
the detection limit, as expected given the steepness of the bright
end of their source counts (Perrotta et al. 2002, 2003; Negrello
et al. 2007, 2017; Vieira et al. 2010; Mocanu et al. 2013; Everett
et al. 2020). Sub-mm PCCS2 sources at high Galactic latitude
(|b| > 20�)1 are mostly nearby star-forming galaxies with a small
fraction of extragalactic radio sources, which dominate at cm and
mm wavelengths (Planck Collaboration Int. VII 2013). In addi-
tion, there are galaxy over-densities (Planck Collaboration Int.
XXVII 2015; Planck Collaboration Int. XXXIX 2016), Galac-
tic cirrus (Herranz et al. 2013) and Galactic cold clumps (GCC;
Planck Collaboration XXVIII 2016), intensity peaks of the cos-
mic infrared background (CIB), and the rare strongly lensed
galaxies we searched for.

Because we are interested in dusty galaxies, we considered
only Planck channels at ⌫ � 353 GHz. As predicted by Negrello
et al. (2007) and confirmed by the analysis of H-ATLAS data
(Negrello et al. 2017), unlensed dusty galaxies are at z . 0.1
(see also Negrello et al. 2013) and lensed galaxies are at z >
1 (see Fig. 2) at the bright detection limits of the Planck sub-
mm surveys. They therefore have substantially colder sub-mm
colours.

Thus sub-mm colours are a distinctive property of strongly
lensed galaxies. The question then is whether these sources can
be selected simply based on colours. The PCCS2 photometry
is frequently limited to one or two frequencies, which is not
enough to answer this question. Fortunately, multi-band photom-
etry obtained with the Bayesian extraction and estimation pack-
age (BeeP) has recently been published (Planck Collaboration
Int. LV 2020). We selected sources with S 545 � 500 mJy at high
Galactic latitudes (|b| � 20�). This flux density limit is slightly
lower than the 90% completeness limit in the extragalactic zone
given by Planck Collaboration XXVI (2016), 555 mJy, but con-
sistent with the limit obtained from the comparison between
Planck and H-ATLAS photometry (Maddox et al. 2018).

Radio sources were identified and removed by cross-
matching the BeeP sample with the Planck multi-frequency cat-
alogue of non-thermal sources (PCNT; Planck Collaboration
Int. LIV 2018). The distribution of sources in the S 857/S 545 vs
S 545/S 353 plane is shown in Fig. 3. The ten confirmed strongly
lensed galaxies comprised in the BeeP sample populate the red
end of the distribution, but their positions in the diagram are not
clearly separated from those of unlensed galaxies. This shows
that colours are useful to remove most nearby galaxies, but these
are still by far more numerous than lensed galaxies in any region
encompassing the colours of the latter. The reason is that the
uncertainties in the flux densities measured by Planck are so
large that the di↵erences in colour between local and lensed
galaxies are blurred. Thus the selection must be refined.

1 At low Galactic latitudes the reliability of source detection cannot be
accurately assessed because of the confusion from Galactic cirrus emis-
sion. Therefore the Planck Collaboration has adopted a set of Galactic
masks, defined by Planck Collaboration XV (2014), to exclude regions
to various levels of dust contamination. Our choice, |b| > 20�, roughly
corresponds to the region outside the Planck G65 mask.
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Candidate sample definitionA&A 653, A151 (2021)

Fig. 5. Flowchart summarizing our procedure to select candidate
strongly lensed galaxies.

frequency that favours lower zs. The approach we adopted is
analogous to that described above, but we exploited the BeeP
photometry, which is available for all sources in the PCCS2
857 GHz list and includes 3000 GHz (100 µm) flux densities
extracted from the IRIS map4 at this frequency. Having photo-
metric data both at higher and at lower frequencies improves the
accuracy of the photometry at the selection frequency.

Again, we started requiring |b| � 20� and removing objects
with IRAS or PCNT counterparts, but we kept PCNT sources
whose sub-mm emission is dominated by dust. BeeP photometry
is available for 23 confirmed or very likely strongly lensed galax-
ies. Except for a few outliers with low S/Ns, hence with very
uncertain colours, these objects have S 857/S 545 < 2.75 (one out-
lier), S 857/S 3000 > 2.5 (two outliers, including the previous one),
detection significance SRCSIG� 5 and S 857 < 2.65 Jy. We used
these limits to select candidate strongly lensed galaxies, except
for conservatively relaxing the one on S 857 to S 857 < 3 Jy and
adding the requirement SNRR> 1 at each frequency, 353, 545
and 857 GHz5. These criteria yielded a sample of 133 sources,
including 21 confirmed or very likely strongly lensed objects
(one confirmed strongly lensed galaxy with S 857/S 545 < 2.75
has S/N353 < 1).

Without the 25 sources that are included in the 545 GHz sam-
ple (Table A.1) and the 11 local galaxies we found by searching
for objects on the NED, we have a sample of 97 objects. We list
them in Table A.2, including 8 that are confirmed or very likely
lensed. The last column of Table A.2 shows that we have seven
matches with the GCC catalogue, one of which is a confirmed
strongly lensed galaxy. We also have two matches with the PHz

4 The Improved Reprocessing of the IRAS Survey (IRIS) maps are
reprocessed IRAS maps generated by Miville-Deschênes & Lagache
(2005).
5 The SNRR at a given frequency is defined by Planck Collaboration
Int. LV (2020) as the source average brightness divided the background
standard deviation brightness. The source detection significance is mea-
sured by SRCSIG.

catalogue, including a confirmed strongly lensed galaxy. There
are no matches with Planck SZ clusters. There are, however, four
associations within 5 arcmin with at least one of the catalogues
mentioned in Sect. 2.2. These sources are tagged with a C label
in the last column of Table A.2.

Eleven of the 97 objects lie in the SPT area. Four of
these have an SPT match, including the strongly lensed
galaxy at RA= 17.4822 deg, Dec=�47.0149. The source at
RA= 92.9950, Dec=�55.2434 can be identified with the
strongly lensed galaxy DES J0611�5514 at z = 0.7 (Diehl
et al. 2017) at an angular separation of 0.76 arcmin, which is
well within the Planck positional error. The other 2 objects
are unresolved by the SPT, have no nearby galaxy counter-
part, and therefore may well be at high-z, that is, are strongly
lensed. Of the 7 objects without SPT counterpart, 3 (80.5288,
�64.4013; 89.9582, �40.4288; and 332.4487, �58.7876) are
located in cirrus regions; the other 4 might be CIB fluctuations
or proto-clusters of dusty galaxies. When we restrict ourselves to
S 857/S 545 < 2.3 (75 sources), we have 8 sources in the SPT area,
including the 4 with SPT counterparts. In this case, the selection
e�ciency for strongly lensed galaxies is between 25% and 50%.

2.4. Selection at 353 GHz

The 353 GHz selection favours higher-z sources. Similarly to
what we did at 545 GHz, we started from the PCCS2 353 GHz
catalogue and selected objects at |b| � 20�. We removed nearby
galaxies by removing matches with the IRAS PSC/FSC Com-
bined Catalogue (Abrahamyan et al. 2015) and radio sources
by removing matches with the PCNT (Planck Collaboration Int.
LIV 2018) within a 3 arcmin search radius, except for sources
whose sub-mm emission is dominated by dust (6 objects). This
yielded a sample of 512 sources, including 19 confirmed or very
likely strongly lensed galaxies. As expected, the latter have red-
der colours than those selected at the two higher frequencies: all
of them have S 857/S 545 < 2. For consistency with the previous
choices, we adopted S 857/S 545 < 2.3 to select candidate strongly
lensed galaxies.

Removing sources in the 545 and 857 GHz samples (29 and
5 objects, respectively), we are left with 478 sources for which
we obtained MTXF photometry. The condition S 857/S 545 < 2.3
leaves 228 objects. We further required an S/N at 353 GHz
S/N353 > 3 and dropped the 3 sources that we found by search-
ing the NED to be associated with low-z galaxies. The final
sample, containing 104 objects, is presented in Table A.3. Thir-
teen of the sources in this sample have a Planck SZ cluster
within 5 arcmin. A cross-match with the catalogues mentioned in
Sect. 2.2 yielded 4 additional associations with galaxy clusters.
These 17 sources are tagged with a C label in the last column of
Table A.3. We also have 6 matches with the PHz catalogue and
7 matches with the GCC catalogue.

Twenty-one of the 104 sources in the final sample lie in the
SPT area, and 5 of them have SPT counterparts within 3 arcmin.
The matches include 2 high-z sources at RA, Dec in degrees
(82.2573, �54.6264) and (87.4900, �53.9362) with z = 3.3689
and z = 3.128, respectively. They can be safely regarded as pre-
viously unrecognized Planck-detected strongly lensed galaxies.
Two sources (41.3710, �53.0432 and 353.0972, �53.9802) have
galaxy clusters in the Planck SZ catalogue along their lines of
sight. The Everett et al. (2020) catalogue identifies them with
cluster members. However, the cluster redshifts '0.3 and '0.4
are in the zone of avoidance in Fig. 2, that is, they are either
too high or too low to belong to the Planck sources. The Planck

sources are instead likely background galaxies lensed by the
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Machine-learning 
approach

Another possibility: machine-learning 
Massive simulations using the Planck Sky Model to produce a 

tailored training set.

Lens detection with the ILT 5

Figure 2. The distribution of the lens model parameters used for the training dataset; these are (left panel) the lens axis ratio (1/0) , (middle panel) the lens
external shear (Wext), and (right panel) the lens Einstein radius (\⇢ ). The position angles of the ellipsoidal mass distribution and the external shear were set
randomly between ±90 deg.

Figure 3. A selection of strong gravitational lens systems (upper row) and non-lensed radio sources (lower panel), as if observed with the ILT as part of LoTSS.
Each image contains 64 ⇥ 64 pixels and is equivalent to a sky-area of 7.68 ⇥ 7.68 arcsec2. The synthesized beam size is 379 ⇥ 293 mas at a position angle of
�16.9 deg East of North, and the rms noise is 90 `Jy beam�1 (natural weighting).

which uses two sets of four convolutional layers, each with a filter
size of (3⇥3). The two sets of convolutional layers are connected via
a multi-scale filter bank. Similar to structure 2, this network contains
three convolutionalized blocks, followed by two fully dense layers
and a dropout layer.

2.3 Preprocessing

Preprocessing of the imaging data is important for optimizing the
performance of the learning algorithms. Here, we keep the range of
pixel values for both the lensed and non-lensed samples in the same
range using a MinMax normalization, such that

Gnormalized =
G � min(G3)

max(G3) � min(G3)
, (1)

and where all pixel values in a given image are mapped to the range
(0, 1). Here, G is the value of a given pixel and G3 represents all the
pixels in the image. Note that, due to surface brightness correlations
introduced by the lens equation, it is the relative surface brightness
of the lensed images (and non-lensed source emission) within each
simulated sample that matters. Therefore, losing the absolute ampli-

tude scaling of the data with this form of normalization will have no
a�ect on our ability to identify lens candidates.

2.4 Loss function

Loss functions are designed to measure the performance of a network
in terms of the dissimilarity between the estimated and true class la-
bels. This di�erence is then optimized using the gradient based Adam
optimization algorithm (Kingma & Ba 2014). Since we perform a
binary classification between lensed and non-lensed objects, we have
chosen the Binary Cross Entropy (BCE) form of loss function for our
tests. It is given as,

BCE = � 1
#

#’
8=1

H8 log ?8 + (1 � H8) log(1 � ?8). (2)

For the BCE loss function, we consider a given class label H8 in
a dataset of # training samples in each batch 8, where ?8 is the
estimated probability of the input image being a lens and 1 � ?8 is
the probability of it not being a lens.

MNRAS 000, 1–15 (2022)
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“Contaminants” in the final 
candidate sample

• Cold extended objects like cold clumps  

• Proto-clusters of high-z dusty galaxies 

• Positive fluctuations of the CIB 

☞ 25-30% of the candidates are real gravitationally lensed galaxies 

☞ Need of Follow-up observation (ATCA, NIKA2, 
SCUBA-2)



Highest resolution follow-up

help in identifying multiply imaged features that will further
refine the models.

3.3. Source-plane Reconstruction

With an optimized potential model in hand, we can invert the
observed arcs to approximate the unlensed brightness distribu-
tion in the source plane using the cleanlens function of

LENSTOOL. Fundamentally, this inversion can be quite trivial,
in that it consists only of ray-tracing a (usually subsampled)
image plane distribution to the lens plane, computing the
deflection vectors based on the lens mass potential, and
continuing until the source-plane redshift is reached. Typically,
subpixel sampling is also used for the source plane. The
direction and magnitude of the deflection are determined by a
surface integral of the surface mass density, weighted by the

Figure 2. Gravitational lens models for ALMA 1.1 mm (left column) and VLA 6 GHz (right column) continuum imaging. Each row shows the observed image for
different PASSAGES members (left), the model-derived image plane structure as a result of ray-tracing the observed image to the source plane and then back to the
image plane, with gold contours showing the observed data for comparison (center left), the residual between observed and modeled image-plane structure (with
contours at −5σ, −3σ, 3σ, and 5σ (center right), and the source-plane reconstruction (for all multiple images combined), zoomed-in to show more detail (right). All
images are shown with the same color scale limits. Red stars in each panel indicate the location of the WISE centroid, with each set of panels centered on the phase
center of the interferometric pointing. The synthesized beam is shown in cyan in the lower left of the left panels. The model-derived caustic and critical curves are
shown in the center panel in cyan and purple, respectively. The contours in the middle panel are typically chosen to range evenly from 3σ to the 99th percentile of the
image (unless this value is less than 5σ). The foreground emission for PJ022633 and PJ160722 is labeled “fg” in the residual panel. The ALMA image shown for
PJ105353 is at Band 7 to ensure a resolution more consistent with that of the other fields. The 6 GHz image for PJ231356 is not modeled, as the emission is dominated
by an apparent AGN and jet in the foreground lensing elliptical, and any background lensing structure is not easily recovered.
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Summary
• Using Planck data for discovering new high-z lensed galaxies 

• These objects offer a unique opportunity to get detailed information 
on the internal structure and kinematics of high-z galaxies during 
their most active, dust-enshrouded star-formation phase 

• This information is crucial to understand the key processes 
governing the galaxy formation and early evolution 

• Strong gravitational lensing allows us to study high-z galaxies in 
extraordinary detail, otherwise beyond reach of present-day 
instrumentation 

• We expect there are ~150 lensed galaxy in the full high Galactic 
latitude Planck sky 

• Unique opportunity for statistical studies of the foreground lensing 
population



Summary
• We have developed a procedure for the selection of a 

sample of lensed galaxies candidates from the Planck 
maps 

• We are observing them with ATCA, NIKA2, SCUBA-2 and 
NOEMA for verifying the existence of the sources and 
obtaining accurate positions. We have obtained 
preliminary results not public yet. 

• Next step: observing the confirmed lensed galaxies with 
the highest resolution telescopes (ALMA, JWST, VLA…) 

Ongoing project  ✉ matteo.bonato@inaf.it
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attention!

Ongoing project  ✉ matteo.bonato@inaf.it


