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ABSTRACT

We present a new catalog of high-redshift candidate Herschel sources. Our sample is obtained after applying a multifrequency filtering
method (“matched multifilter””), which is designed to improve the signal-to-noise ratio of faint extragalactic point sources. The method
is tested against already-detected sources from the Herschel Astrophysical Terahertz Large Area Survey (H-ATLAS) and used to
search for new high-redshift candidates. The multifilter technique also produces an estimation of the photometric redshift of the
sources. When compared with a sample of sources with known spectroscopic redshift, the photometric redshift returned from the
multifilter is unbiased in the redshift range 0.8 < z < 4.3. Using simulated data we reproduced the same unbiased result in roughly the
same redshift range and determined the error (and bias above z ~ 4) in the photometric redshifts. Based on the multifilter technique,
and a selection based on color, flux, and agreement of fit between the observed photometry and assumed SED, we find 370 robust
candidates to be relatively bright high-redshift sources. A second sample with 237 objects focuses on the faint end at high-redshift.
These 237 sources were previously near the H-ATLAS detection limit but are now confirmed with our technique as high significance
detections. Finally, we look for possible lensed Herschel sources by cross-correlating the first sample of 370 objects with two different
catalogs of known low-redshift objects, the redMaPPer Galaxy Cluster Catalog and a catalog of galaxies with spectroscopic redshift
from the Sloan Digital Sky Survey Data Release 14. Our search renders a number of candidates to be lensed systems from the SDSS
cross-correlation but none from the redMaPPeR confirming the more likely galactic nature of the lenses.
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1. Introduction

Over the last few decades, advances in the sensitivity of obser-
vations (specially in the IR part of the spectrum) and progress
in data processing have allowed us to probe the high redshift
universe in greater detail. The direct observation of galaxies in
the redshift range z ~ 1-10 gives us the opportunity to study
the cosmic history of star and galaxy formation at different cos-
mic epochs (see for example de Zotti et al. 2010; Eales 2015).
However, despite the constant increase in diameter of the tele-
scopes and increase of sensitivy of the detectors, observations
of the distant universe are still flux-limited, rendering only those
objects that are above the detection threshold. In a universe in
which the inverse-square law prevails, a flux limit implies that
the highest redshift galaxies accessible to any observatory will be
among its faintest detectable objects. This situation is alleviated
for sources selected in the submillimetric range of the elec-
tromagnetic spectrum thanks to the strong, negative K correc-
tion, which leads to high-redshift galaxies being relatively easy
to detect at submm wavelengths as compared with their low-
redshift counterparts (Blain & Longair 1993). In addition, lucky
alignments of background objects with foreground lenses can

* H-ATLAS source FITS (Tables Al and A2) are only avail-
able at the CDS via anonymous ftp to cdsarc.u-strasbg.fr
(130.79.128.5) or via http://cdsarc.u-strasbg. fr/viz-bin/
qcat?]/A+A/622/A106
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push the limits further by enhancing the flux of objects that could
not be detected otherwise. But even with the aid of the negative
K correction and gravitational lensing, signal processing tech-
niques are a fundamental tool to reach the faintest and most dis-
tant galaxies. This is particularly true in the microwave and far
infrared (IR) parts of the electromagnetic spectrum, where the
fluctuations from the cosmic infrared background (CIB) create a
confusion noise whose level is comparable to the flux density of
the typical high redshift galaxies.

The standard single-frequency detection methods for point
sources in the CMB and far IR are based on wavelet techniques
(Vielva et al. 2003; Barnard et al. 2004; Gonzalez-Nuevo et al.
2006) or on the matched filter (or MF hereafter, Tegmark & de
Oliveira-Costa 1998; Herranz et al. 2002; Barreiro et al. 2003;
Loépez-Caniego et al. 2006, see also Herranz & Vielva 2010 for
a review.). Wavelets are well suited for the detection of com-
pact sources due to their good position-scale determination prop-
erties, whereas the MF is the optimal linear detector-estimator
because it provides the maximum signal-to-noise (S/N) amplifi-
cation for a source with a known shape (usually the point-spread
function, or PSF hereafter, of the telescope) embedded in statis-
tically homogeneous and spatially correlated noise. By default,
these techniques are applicable only to single-frequency sky
images: even for multiwavelength observatories such as the Her-
schel Space Observatory (Pilbratt et al. 2010) or Planck (Tauber
et al. 2010), the standard detection pipelines have produced
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individual source catalogs for each frequency band (see e.g.,
Planck Collaboration VII 2011; Planck Collaboration XXVIII
2014; Planck Collaboration XXVI 2016; Maddox et al. 2018).
The next logical step is to boost the signal of faint sources
by combining the different bands into a single detection, that
is, “multifrequency detection”. Most of the blind component
separation algorithms that are used for diffuse components in
microwave and far IR astronomy can not deal with the high
diversity of spectral behaviors associated to the different popu-
lations of extragalactic compact sources (see for example Leach
et al. 2008). However, over the last few years a number of mul-
tifrequency compact source detection techniques have been pro-
posed in the literature (Herranz & Sanz 2008; Herranz et al.
2009; Lanz et al. 2010, 2013; Planck Collaboration Int. LIV
2018). A review on the topic can be found in Herranz et al.
(2012). In particular, if the spatial profile and the spectral energy
distribution (SED) of the sources are known, and if the cross-
power spectrum is known, or can be estimated from the data,
the optimal linear detection method is the matched multifilter
(or MMF hereafter, Herranz et al. 2002). Lanz et al. (2010) also
showed that the MMF can be generalized for the case where
the SED of the sources is not known. This generalization out-
performs the single-frequency MF in terms of S/N and can be
used to infer the spectral index of synchrotron-dominated radio
sources, as shown in Lanz et al. (2013). However, in this paper
we will incorporate a specific SED to the MMF in order to
derive a photometric redshift estimation of dusty galaxies and
high-redshift star forming galaxies detected in the IR part of
the spectrum'. We will do so by applying the multifrequency
MMF filter to the first and second data releases of the Her-
schel Astrophysical Terahertz Large Area Survey (the Herschel-
ATLAS or H-ATLAS, Eales et al. 2010), the largest single key
project carried out in open time with the Herschel Space Obser-
vatory. We restrict our multifrequency analysis to the three wave-
length bands covered by the SPIRE instrument aboard Herschel
(Griffin et al. 2010), centered around 250, 350 and 500 um.
As discussed in Hopwood et al. (2010), Lapi et al. (2011),
Gonzalez-Nuevo et al. (2012), Pearson et al. (2013) and
Donevski et al. (2018), the SPIRE bands are ideal for captur-
ing the peak in the SED corresponding to dust emission of star-
forming galaxies at z ~ 2, that is redshifted from its rest-frame
wavelength around 70-100 um to the SPIRE wavelengths: This
is the redshift range where galaxies have formed most of their
stars. At higher redshifts, dusty star-forming galaxies (DSFGs)
occupy the most massive halos and are among the most luminous
objects found at z > 4 (Michatowski et al. 2014; Oteo et al. 2016;
Ikarashi et al. 2017). These high-redshift DSFGs have markedly
red colors as seen by SPIRE, with rising flux densities from 250
to 500 um (the so-called “500um-risers”), and have received
a great deal of attention in the recent years (see for example
Ivison et al. 2016; Negrello et al. 2017; Strandet et al. 2017).
The DSFGs, and particularly the 500 um risers uncovered by
Herschel, are providing much insight into the early star forming
history of the universe. However, sensitivity and limited angular
resolution severely constrain the power of this type of objects
as astrophysical probes. The sensitivity of SPIRE allows for the
direct detection of only the brightest, and thus rarest objects, at
the bright end of the luminosity function. By means of our multi-
frequency MMF technique, we intend to enhance the detectabil-
ity and statistical significance of very faint red objects in the H-
ATLAS source catalog and so expand the list of reliable 500 um-
riser candidates.

1" As measured at the observer’s rest frame.
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Although a non-negligible part of the faint H-ATLAS sources
at z > 1 could be detected thanks to having been amplified by
weak lensing (Gonzalez-Nuevo et al. 2014, 2017), most of the
faint high-z candidates in the H-ATLAS catalog have not been
strongly lensed (with magnification factors larger than a few) by
foreground halos (Negrello et al. 2017). In the other end of the flux
density distribution, gravitational lensing plays an important role
by magnifying distant galaxies that could be otherwise below the
detection threshold or, at the very least, be observed with a signif-
icantly smaller flux (Negrello et al. 2007, 2014, 2017; Hopwood
etal. 2010; Cox et al. 2011; Conley et al. 2011; Lapi et al. 2011,
Gonzalez-Nuevo et al. 2012; Bussmann et al. 2012, 2013; Vieira
etal.2013; Wardlow etal. 2013; Canalog et al. 2014; Messias etal.
2014; Dye et al. 2015; Nayyeri et al. 2016; Spilker et al. 2016).
Gravitational lensing is a powerful astrophysical and cosmolog-
ical probe particularly rewarding at submillimeter wavelengths.
As mentioned before, submillimeter telescopes such as Herschel
have limited spatial resolution and consequently high source con-
fusion, which makes it difficult to probe the dusty star forming
galaxies. However, due to the relatively low probability of lens-
ing (with typical magnification factors of a few), the identifica-
tion of gravitational lenses is difficult and usually results in a few
candidates. At high fluxes, wide-area submillimeter surveys can
simply, and easily detect strong gravitational lensing events, with
close to 100% efficiency, as was proved by Hopwood et al. (2010).
These are often strongly lensed galaxies (SLGs) with magnifica-
tion factors of order ten that can be more easily detected owing to
their magnified flux. The identification of these lenses is of great
interest for multiple reasons. They offer the possibility to study in
greater detail distant galaxies and resolve some of their features.
Also, the background galaxies can be used to reveal the internal
structure of the lenses. Having a large catalog of SLGs will be
important in future studies. For example, caustic crossing events
on these galaxies can be used to study, not only distant luminous
stars, but also the constituents of the lens itself. If a sizable fraction
of dark matter is made of compact objects, caustic crossing events
can be used to set limits in their fraction on a range of masses from
subsolar mass to tens of solar masses (through microlensing). This
mass range can be difficult to probe otherwise (see for instance
Diego et al. 2018).

In this work we aim at producing a catalog of distant and
faint IR sources. Also, we select from those the ones that are
more likely to be gravitationally lensed. Our identification of
lensed candidates takes advantage of our newly inferred red-
shifts. As it will be described in Sect. 2 of this paper, the use
of a parametrized SED template in the MMF technique allows
us to provide a photometric estimation of the redshift of sources,
that facilitates the identification of possible lensing systems (lens
plus background source). Some of these systems will be con-
firmed (either as lens systems, or random alignments) in the near
future with ground observations. Also, we should notice that our
search for lensed systems was restricted to galaxies with known
spectroscopic redshift from the SDSS. Extending the number of
galaxies with redshift by using other data sets, like for instance
with the data from the GAMA fields, would extend the number
of candidates to lens systems not only contained in our various
samples of high-z Herschel candidates.

The structure of this paper is as follows. Section 2 describes
the theoretical framework of the MMF technique and the fre-
quency dependence model used to estimate the redshifts and
fluxes of the SPIRE sources. In Sect. 3 we describe the images
and data of the H-ATLAS survey on which we have applied the
method. In Sect. 4 we expose the results of testing the method
with simulations. In Sect. 5 we compare our MMF-derived flux
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densities and photometric redshifts with the H-ATLAS fluxes
and spectroscopic redshifts of previously studied objects. Selec-
tion of high-z Herschel sources is explained in Sect. 6 and the
search for possible lensed Herschel sources is reported in Sect. 7.
Finally, conclusions are detailed in Sect. 8.

2. Method

The MMF is the optimal linear detection method when the fre-
quency dependence and the spatial profile of the sources are
known, and the cross-power spectrum of the noise is known or
can be estimated from the data. In the Fourier space the MMF
can be written as follows:

¥(g) = aP7'F,
o = f dgF'P”'F,

o’ = qu‘I”P‘I‘ =a (D
where ¥(g) is the column vector of the filters ¥(q) = [y, (¢)], F
is the column vector F = [f,7,], being f, the frequency depen-
dence and 7, the source profile at each frequency v, P! is the
inverse matrix of the cross-power spectrum P and o is the vari-
ance of the output-filtered image. In Eq. (1) and in the following
discussion, g = |q| is the modulus of the Fourier wave vector;
since we are assuming circularly symmetric source profiles, and
since the cross-power spectrum only depends on the modulus g,
all the formulas can be expressed in terms of g instead of the full
vector. However, it would be easy to generalize our formulas for
non symmetric profiles just by replacing g by ¢ in the equations.
Finally, @ in Eq. (1) can be interpreted as the normalization that
is requested in order to guarantee that the filters ¥ are unbiased
estimators of the flux density of the sources under study. Further
details can be found in Herranz et al. (2002), Lanz et al. (2010,
2013).

Rewriting the vector F = [f,7,] in the matrix form F =
T(q)f(v), with diagonal matrix T(q) = diag [71(q), ..., Tn(q)]
and f = [f,] the vector of frequency dependence, we are able to
include all the dependence in g in the matrix T pulling it com-
pletely apart from the dependence in v. This way Eq. (1) can be
rewritten as:

Y(g) =P 'Tf, o' = quf’TP“szf’Hf )
where matrix H = [ dgTP~'T and we used the facts that T = T
and that vector f does not depend on gq.

This reformulation of the Eq. (1) is very convenient for
implementation of the MMF. The most time-consuming part of
the filtering is the calculation of the matrices P and T since they
must be calculated for all values of g. In the case we are con-
sidering in this paper the only quantity that varies during the
maximization process is the redshift of the source we want to
estimate. This allows us to compute the integrals of matrix H
only once for each set of images of the source considered.

The MMF takes as argument a set of N images correspond-
ing to the same area of the sky observed simultaneously at N dif-
ferent frequencies and returns a single filtered image where the
source is optimally enhanced with respect to the noise. For N
images, the frequency dependence f, has N degrees of freedom.
Choosing one of the frequencies under consideration as fiducial
frequency of reference allows to reduce to N — 1 the number of
independent degrees of freedom.

The total filtered map is the result of a two-phase process.
The first phase is the slowest one but, having separated the
dependence in ¢ from the dependence in v in Eq. (2), it only
needs to be done once for each set of images of the source
considered. It consists on the calculation of a prefiltered map
without any frequency dependence information, and for what is
necessary to have previously calculated the Fourier transforms
of the N images and the filters without frequency dependence.
The second phase is faster and requires only the calculations
of the normalization @ and the linear combination of prefiltered
maps using a given frequency dependence f,. The two necessary
requirements to guarantee that the filtered field is optimal for the
detection of point sources are that the filtered map is an unbiased
estimator, on average, of the amplitude of the source (unbiased
filter) and that the variance of the filtered map around that value
is as small as possible, that is, that it is an efficient estimator of
the amplitude of the source (maximum efficiency filter).

Summing up, in the first step, each individual frequency
image is filtered with a linear filter, and in the second step all the
resulting filtered maps are combined so that the signal is boosted
and the noise tends to cancel out.

The frequency dependence f, of the sources is not known a
priori just with the information of the images. A template model
from Pearson et al. (2013) developed to estimate redshifts using
only the SPIRE fluxes from Herschel has been used as frequency
dependence for all the sources considered:

Sy = Au[Butso(T)lv - (1 +2)F + aByaao (Tl - (1 +9F] (3)

where S, is the flux at a redshift frequency v(1 + z), z is the
unknown redshift of the source, A, is a normalization factor,
By (1+7) is the Planck function, g = 2 is the emissivity index, Tj =
46.9K and T, = 23.9K are the temperatures of the hot and cold
dust components, and a = 30.1 is the ratio of the mass of cold
dust to the mass of hot dust.

This template has emerged from a subset of 40 bright
Herschel-ATLAS sources with very well known redshifts in the
range 0.5 < z < 4.3. The redshifts of 25 of them, with z < 1,
were obtained through optical spectroscopy. The redshifts of the
other 15 objects, in the range 0.8 < z < 4.3, were estimated
from CO observations. This SED has also already been used and
studied in several previous works (Eales 2015; Ivison et al. 2016;
Bianchini et al. 2016, 2018; Negrello et al. 2017; Fudamoto et al.
2017; Bakx et al. 2018; Donevski et al. 2018).

Given that all the sources used to build this model are among
the most luminous H-ATLAS sources at their respective red-
shifts, a bias may arise from the fact that the model may not be
representative of the less luminous sources. For instance, low-z
H-ATLAS sources have cooler SEDs than the template derived
in Pearson et al. (2013) from their high-z spectroscopic sample.
It is important to bear in mind that the many different types of
sources distributed in the sky constitute a very heterogeneous set
of objects that do not have a common spectral behavior. This is
the reason why the detection and estimation of the flux of point
sources is a difficult task. In this sense, it should be noted that
this template model is not expected to be a physically real SED
but simply a representative model that can be used as a statistical
tool for estimating redshifts from SPIRE fluxes.

We use source positions given by the H-ATLAS catalog
and follow the procedure described above. For each source we
maximize the S/N of the filtered map, defined as

A

SIN = —, “
a
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with respect to the frequency dependence f,. In the previous
equation A is the amplitude and o the standard deviation of
the point source in the image. Since for the frequency depen-
dence we use the SED template (Eq. (3)) with fixed a, 8, Tk
and T, parameters, the only free parameters in the optimiza-
tion are the source amplitude A and its redshift z. In fact, the
amplitude is not really a variable, because for any given set
of images it is determined by z for any iteration of the filter
through Eq. (1). By construction, the resulting A coincides with
the source’s flux density when the optimization is completed.
Therefore, the only variable in the optimization is z and the max-
imization of the filtered S/N of a given source is tantamount to
finding its redshift, provided Eq. (3) is a valid description of its
SED. In the end, we have a maximized filtered image of the
source, with an amplitude A that corresponds to the flux den-
sity of the source in the chosen fiducial frequency. The fluxes
of the source at the other frequencies can be obtained by mul-
tiplying this amplitude by the frequency dependence vector f,,
which is normalized to the fiducial frequency. This method is
robust only in the case of point sources, that is, those whose spa-
tial profile in each frequency agrees with the beam profile in that
frequency.

3. Data

Herschel-ATLAS is the extragalactic survey covering the widest
area undertaken with Herschel Space Observatory (Pilbratt et al.
2010), imaging 659.25 deg? of the sky distributed in five fields:
three (GAMAO with 53.43 deg?, GAMA12 with 53.56 deg® and
GAMA15 with 54.5 deg?) on the celestial equator, a large field
(180.1 degz) centered on the north Galactic pole (NGP) and an
even larger field (317.6deg?) centered on the south Galactic
pole (SGP). Images have been taken in five far-infrared (far-IR)
to submm photometric bands, 100, 160, 250, 350 and 500 um,
using the PACS and SPIRE instruments in parallel mode. PACS
measurements have not been used in the main analysis of this
work. The main reason is that the SED model (Eq. (3)) from
Pearson et al. (2013) exploited to estimate the redshifts has been
developed to use only the SPIRE fluxes. This was owing to
that not all H-ATLAS sources have flux measurements at PACS
wavelengths and only a few per cent of them were detected at
greater that 5o in these bands. However, SPIRE bands them-
selves are ideal for capturing the emission peak belonging to the
high-redshift sources aimed in this work.

Both Data Release 1 (DR1) and the recently released Data
Release 2 (DR2) have been used in this analysis. Herschel-
ATLAS DRI includes the three equatorial fields covered by
the Galaxy And Mass Assembly (GAMA; Driver et al. 2009,
2016) spectroscopic survey. The three fields are ~162 deg? com-
bined, and are approximatively located around 9h, 12h and 15h
in a. The associated catalog, described in Valiante et al. (2016)
and Bourne et al. (2016), covers all three regions and includes
120 230 SPIRE sources, which have at least a S /N = 40 (includ-
ing confusion noise) in any of the 250, 350 or 500 um maps. Her-
schel-ATLAS DR2 covers the two fields centered in the NGP
and SGP, which are about 450 deg® combined. The maps are
described in Smith et al. (2017) while the submillimeter catalog
is described in Maddox et al. (2018)? and include 118 980 (NGP)
and 193527 (SGP) sources, respectively. These sources have
also at least a S /N = 40 detection in all of the SPIRE bands. The
complete H-ATLAS catalog contains a total of 432 737 sources,

2 H-ATLAS catalogs are public and available at http://www.
h-atlas.org/public-data/download.
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most of them being point sources. After removing extended
sources and stars, the catalog contains 410997 sources.

As explained in greater detail in Valiante et al. (2016),
sources were detected using the MADX algorithm (Multiband
Algorithm for source Detection and eXtraction) applied to the
SPIRE maps. The first step of this method is to use Nebuliser to
remove the diffuse Galactic dust emission from all maps in the
three bands, resulting in raw images with the local large-scale
background subtracted (“backsub” maps). Then the images are
convolved with a proper matched-filter for each band (Chapin
et al. 2011). Maps of the variance in each of these convolved
maps are also created. During the convolution, the contribution
of each pixel of the input image is weighted by the inverse of
the square of the instrumental noise in that pixel. The resulting
maps are background subtracted maps and noise-weighted maps
filtered with a customized matched filter (“fbacksub” maps). In
the next step (in MADX), the maps at 350 and 500 um are inter-
polated onto images with the same pixel scale as the 250 um
one, and the three images and their corresponding variance maps
are then combined together to form a single S/N or “detec-
tion” image. In practice, images at 350 and 500 um are given
a zero weighting regarding source detection, that is, the detec-
tion image in MADX is simply the 250 um image. The position
of the source in this image will be used to estimate the fluxes
of the source in the 350 and 500 um maps. A list of poten-
tial sources is produced by finding all peaks in the detection
image with S/N > 2.50. A Gaussian fit is carried out in each
of these peaks to provide an estimate of the source position and
their flux densities are measured at the positions of those peaks
in all the SPIRE bands. Finally, only sources with S/N > 40
in at least one of the three SPIRE bands are kept in the final
catalog.

We have worked with the backsub maps instead of the fback-
sub ones in order to test our own multifrequency matched-filter’s
performance without any other alteration but the subtraction of
the large-scale background emission. The method used to sub-
tract this large-scale emission does not affect the flux density of
point sources. The units of the maps are Jy/beam. We converted
these fluxes to Jy/pixel by dividing the values in the maps by
the ratio between the beam area and the pixel area in arcsec’
(469/36, 831/64 and 1804/144 at 250, 350 and 500 yum, respec-
tively). The maps have pixel sizes of 6, 8 and 12 arcsec at 250,
350 and 500 um, respectively. All maps must have the same pixel
size so as to be able to combine the three-channel images of a
source into one single filtered image. Thus we re-binned 350 and
500 um maps to a pixel size of 6 arcsec, the same pixel size than
the 250 um map. This repixelization may cause small alighment
errors between the pixel positions of the center of the source in
the different channels. These pixel misalignments have already
been considered and monitored in the method. We have achieved
a perfect alignment for ~90% of the H-ATLAS sources leaving
the rest with deviations not greater than 2 pixels in one or some
of the channels.

Once all maps have the same pixel size and are in units of
Jy/pixel we apply our new algorithm on the positions of the 40
detections produced by the MADX algorithm in order to test
our method. Positions (o and §) of all point sources identified in
the maps are known and taken from the H-ATLAS catalog, con-
verted from degrees into pixels and used to select the objects in
the backsub maps. We extract square patches of 256 X 256 pixels
centered on the position of the source for the three bands (250,
350 and 500 um) and align them to run our MMF algorithm.
When a H-ATLAS source is close to the edge of the H-ATLAS
footprint, the zeros in the map are replaced by white noise
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generated with the same mean and standard deviation than the
rest of the map (within the footprint).

Prior to the filtering step, a prefiltered map without any fre-
quency dependence is built using the Fourier transforms of the
three image patches and the matrix H. Cross-power spectrum of
the images and matrices T are needed to get matrix H. T matri-
ces are calculated using the point spread functions (PSF) at 250,
350 and 500 um as source profiles at each frequency. And the
inverse of the cross-power spectrum matrix is calculated for each
position of a pixel in the images. In the final phase of the filter-
ing process, we introduce the frequency dependence shown in
Eq. (3). The 250 um channel is chosen as the frequency of refer-
ence. Since the redshift z of the source is unknown, this last step
is repeated for equally distributed redshift values in the range
0 < z < 7, with a step of 0.007 until the redshift which max-
imizes the S/N, that is, the optimal redshift, for the considered
source is found. The result is an estimation of the redshift of the
source, its frequency dependence vector f, derived from Eq. (3)
and a maximized filtered image of the source. The flux at 250 um
is directly the amplitude of the filtered image and the fluxes at
350 and 500 um can be estimated multiplying this amplitude by
the corresponding components of f,.

4. Simulations

In order to test our method, we used simulated data with a well
known SED. Simulations are useful for both, identifying possi-
ble biases and also to estimate the errors in the reconstructed red-
shift. Simulations were done using only GAMA’s backsub maps
from H-ATLAS DRI1. The recently released NGP and SGP fields
from H-ATLAS DR2 were not used for the simulations but this
should have no impact on our results.

We started each simulation with a randomly chosen square
patch of the desired size (256 x 256 pixels in our case) from any
of the three equatorial fields surveyed (GAMA 9, GAMA 12 or
GAMA 15). The same patch region was selected for the three
submm photometric bands. Since the three SPIRE channels have
different pixel sizes, and the MMF needs to work with a com-
mon pixel size, we re-bin the 350 and 500 um maps to have the
same pixel size than the 250 um map. Alignment errors between
the pixel positions of the source in the different channels (which
may harm the MMF filtering result), can take place due to this
repixelization but, as we already explained in Sect. 3, they have
already been considered for the H-ATLAS sources, as they are
for simulated sources. Thus, all maps used in simulations have a
pixel size of 6 arcsec and are in units of Jy/pixel. Then a source
with the corresponding beam profile (according to the PSF of the
channel), an adequate amplitude (in order to obtain fluxes like
the H-ATLAS ones), and a fixed redshift and SED (Eq. (3)), is
placed in the middle of each one of the three patches. From this
moment we followed the same procedure, described in Sect. 3,
as with any H-ATLAS source. As it is done with the H-ATLAS
sources, if the selected map patch contains zeros (i.e., it is near
the edge of one of the GAMA fields), these are replaced by white
noise with dispersion given by the map background. We per-
formed 5000 simulations, as described before, for each one of
the redshifts considered within the ranges 1 < z < 4.5, with a
0.1 step, and 4.5 < z < 7, with a 0.5 step. For each input redshift
value considered, z;,, we compute the mean value of the 5000
output redshift values, zq,, and the standard deviation. The dif-
ference between the redshifts estimated after applying our MMF
method to the simulated sources and the input redshift is shown
in Fig. 1 as a function of z;,.

0.8 1

0.6 4

0.4

Zout - Zin

0.2 4

0.0

Fig. 1. Difference between the redshift recovered with our MMF method
(Zow) and the input redshift (z;,) as a function of z;,. 5000 simulations
are run for each z;, value in the range 1 < z;;, < 7. The mean value (zoy)
is computed and shown as blue dots. The solid line shows a polynomial
fit to these mean values. This fit is later used to correct for this bias.
Zout — Zin €r1O18 (107) are plotted as a shaded region.

The bias observed above z = 4 could be due (in part) to the
fact that the Pearson model (Eq. (3)) is built based on some of
the most luminous H-ATLAS sources and a restricted range in
redshift (0.5 < z < 4.3). However, more importantly, photomet-
ric redshifts derived from a SED have problems when the peak
of the IR emission is not bracketed by the three SPIRE bands.
This peak falls in the SPIRE bands between z ~ 1 and z ~ 4,
and it is precisely in this redshift range where our method seems
more robust returning unbiased redshift estimates. Beyond z = 4
a positive bias can be appreciated which can be as high as ~0.6
at z = 7. Using a polynomial fit, we find that our estimations of
the redshift after applying the MMF can be corrected through:

Ztrwe = 0.0013-2%,~0.018-23 ,+0.056-72,, +0.943-2,,,+0.057 (5)

where ze 1S the unbiased redshift estimation of the correspond-
ing H-ATLAS source.

5. Comparison with known-redshift H-ATLAS
sources

We compare the redshifts obtained by the MMF method with
a set of 32 Herschel-ATLAS sources with known spectroscopic
redshifts from Pearson et al. (2013), Negrello et al. (2017) and
Bakx et al. (2018). Several of the sources selected are ubiquitous
in all these references. Ten of these 32 sources are chosen from
Negrello et al. (2017), 17 are sources with zZgpec > 0.8 used in
Pearson et al. (2013) to build their template and five are taken
from Bakx et al. (2018). Redshifts and flux densities estimated
with the MMF for these sources are shown in Table 1.

The differences between photometric redshifts estimated
with the MMF and the measured spectroscopic redshifts for
these 32 objects are shown in Fig. 2. The top plot shows Az/(1 +
Zspee) = (Zphoto — Zspee)/ (1 + Zspec) before the bias correction. The
mean and median are u = 0.004 and py, = —0.017 respec-
tively, with an rms scatter of o = 0.143. The bottom plot shows
the same quantity after the bias correction. Since at z < 4 the
bias correction is small, the improvement is small in this red-
shift range. Nevertheless, the mean and median (¢ = 0.009,
12 = —0.003), and scatter (o = 0.138) are slightly better than
in the sample without bias correction. These statistical param-
eters are also included in the corresponding redshift column
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Fig. 2. Difference, Az/(1 + Zgpec), as a function of zg.. between the
biased (top) or unbiased (bottom) photometric redshifts estimated with
our matched multifilter (MMF) and the spectroscopic redshifts from
sources in Table 1. The statistical parameters noted illustrate the sys-
tematic overestimates or underestimates, mean y and median y;,,, and

biased unbiased

the degree of scatter, o, of the photometric redshifts (z3s and zys

found using the MMF and the Pearson et al. (2013) SED. Error bars in
the top panel are calculated from using Eqgs. (1) and 3) while error bars
in the bottom panel are derived from simulations described in Sect. 4.
The gray band depicts the 10 region centered in the median y,,, value
for each distribution.

of Table 1. If we take the definition for outliers (those with
|Az/(1 + Zgpec)l > 0.3) used in Ivison et al. (2016), only one of the
objects considered is identified as an outlier both for the analysis
with biased and unbiased redshifts. Error bars in the top panel
are calculated from using Egs. (1) and (3) while error bars in the
bottom panel are derived from simulations described in Sect. 4.
We note how the error bars in the bottom panel are more repre-
sentative of the dispersion around the zero value than the error
bars in the top plot. This result indirectly confirms that the error
bars derived from the simulation are the most meaningful ones
for our estimated redshifts. For the meaning of the error bars in
the top panel, see the following note:

A note on error bars: from Eq. (1), and using a parametric SED
such as Eq. (3) it is possible, under some general (but not nec-
essarily true) assumptions, such as the statistical independence
of the background noise at the three different SPIRE channels,
to estimate the degree of uncertainty of our photometric redshift
zvmmr- The error bars of all redshift estimations from Tables 1—
3, except for zﬁ‘f,}%sed, have been obtained this way. However the
statistical uncertainty of an estimator, and its actual error with
respect to the groundtruth are not necessarily the same thing. The
uncertainty given to an estimator can be under, or overestimated
depending on the validity of the statistical assumptions made. On
the other hand, the estimator may be biased and this bias may not
be accounted for in the calculation of the uncertainty. When possi-
ble, itis preferable to calculate the error of the estimator using real,
already known values of zy,. or, if few spectroscopic redshifts are
available, by means of realistic simulations. This is the approach
followed in this section to obtain the errors of the unbiased red-
shifts zﬁ‘ﬂ?ed from Table 1, showing that for SPIRE, and in the
redshift range 1 < z < 7, the actual average error of the estima-
tion of zis under control and typically smaller than the uncertainty
calculated from Eqgs. (1) and (3).

In order to test the robustness of our results, we have repeated
the comparison with the spectroscopic sources, but changing the
maps from which we extract these sources and the convolution
functions used. We run our method, but using several combi-

nations of the backsub and fbacksub maps as well as SPIRE’s
PSFs and MFs. The results obtained with the different configu-
rations are shown in Table 2. We also obtain redshift estimates
for these configurations by applying the Pearson’s y? test statis-
tic, but without using the MMEF, and taking into account only the
flux density measurements from different maps or the tabulated
fluxes from the H-ATLAS catalog, and comparing them with the
fluxes predicted by the Pearson et al. (2013) SED. These last
results are shown in Table 3.

As can be seen by comparing the redshift estimations for
the 32 known-spectroscopic sources from Tables 1-3, both our
unbiased and biased estimates obtained with the MMF method
on the backsub maps and using the SPIRE PSFs outperform all
the other redshift estimations derived with the alternative combi-
nations of maps and convolution functions. Only redshifts esti-
mated by applying a Pearson’s y? test statistic with flux mea-
surements from fbacksub maps (z)f(t;) and with tabulated fluxes

from the H-ATLAS catalog (z;(z) get comparable results. Nev-

ertheless, our unbiased MMF redshifts are the ones which get
lower offsets and scatter, and agree with spectroscopic redshifts
with the greatest accuracy.

Focusing now our attention on flux densities, practically all
recovered fluxes with the MMF (S ymE) are consistent with the
corresponding tabulated fluxes from H-ATLAS catalog (S spirg),
in the sense that the IR peak is recovered at the right corre-
sponding wavelength for 29 out of the 32 sources considered
from Table 1. On the other hand, and as expected, all IR peaks
are recovered in the right band for the flux densities S)f:; taken

from the fbacksub maps (see Table 3). The comparison between
our MMF estimates of the flux densities and those from the H-
ATLAS catalog is shown in Fig. 3. It can be seen how our flux
estimations seem to be systematically below the values from the
H-ATLAS catalog. This slight underestimate is expected since
the noise reduction carried out by the MMF must lead to flux
densities lower than the H-ATLAS ones. The average flux under-
estimates between the flux densities estimated from the MMF
method and the H-ATLAS fluxes are 17 + 13 mly at 250 um,
18 £ 9mly at 350 um and 14 + 14 mJy at 500 ym.

6. High-z candidates in H-ATLAS

In this section we describe our strategy to find high-z candidates
in the H-ATLAS data. In the two subsections below, we explore
two different strategies. A first subsample (Sect. 6.1) is defined,
where the candidates have to be visible in all three bands in
SPIRE (this will define our bright subsample of high-z candi-
dates) and for which a more reliable estimate of the redshift can
be obtained. In the second subsample (Sect. 6.2), we focus on
the 500 um risers where the highest flux is found in the band
with the longest wavelength. Although this does not guarantee
that the source is at high redshift, all of the most distant objects
in H-ATLAS will be 500 um risers, as the peak of the IR emis-
sion will be at wavelengths longer than 500 ym.

6.1. The bright subsample: High-z candidates with
photometric redshift estimates

In order to define a sample of reliable high-z candidates in the
H-ATLAS, and motivated by the work exposed in Negrello et al.
(2017), we follow a strategy based on applying different cuts
to the official photometric catalog and the results of running
the MMF. This strategy is based on flux cuts, color cuts, and
agreement of fit between the photometric measurements and an
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Fig. 3. Flux measurements in the 250 (left), 350 (middle) and 500 um (right) SPIRE channels derived with the MMF versus the corresponding
flux measurements from the H-ATLAS catalog in logarithmic scale for the 32 known-spectroscopic sources from Table 1. The dashed line marks

perfect correlation. All fluxes are in units of mJy/beam according to the

assumed SED. By applying a series of cuts to the full sample,
we reduce the number of candidates until we arrive to a small
subsample of objects which meet all our criteria. Since we focus
on high-z candidates, some of the cuts are designed to remove
low-z sources. We describe these cuts in detail below:

(i) Since our method only works for the case of strictly point
sources and high-z galaxies will appear as unresolved, first we
discard all sources we know for sure are non-pointlike, that is,
sources which have aperture fluxes at the three SPIRE wave-
length different from the point source fluxes. We retain only
those sources for which their aperture radius has “-99” value
in the H-ATLAS catalog, which means that the aperture flux and
the point source flux are the same. We also remove sources iden-
tified as stars and those with null or negative fluxes in any of
the channels. This results in a sample of 410997 objects from H-
ATLAS (see Fig. 4), on all of which our MMF method is applied.

The redshift distribution found for these H-ATLAS objects
is shown in Fig. 5. An important peak close to zero-redshift can
be seen. This figure shows clearly that there are a lot of sources
that could be either, (a) low redshift sources or (b) sources for
which their frequency dependence does not resemble the Pearson
model considered in Eq. (3), and hence are not adequate to be used
with our method (resulting in erroneous redshifts and fluxes).

(i1) After removing stars and non-point sources, we proceed
to make a preselection using the photometric information of the
H-ATLAS catalog. We want our sources to be at high redshift
and bright enough so our redshift estimations are robust. Thus
we select those which have a S/N greater than 50 in all three
SPIRE channels, which leaves us with just 9159 sources, 2.2%
of the total (see Fig. 4). This is the most stringent cut.

(iii) Good candidates are required to have a flux ratio
between 250 and 350 um bands less than or equal to 1.5 (i.e
S250/S350 < 1.5). This cut has the effect of excluding local
galaxies at low redshifts. (see Fig. 4).

(iv) One important requirement for our preselection is to
ensure that the chosen sources have a photometric behavior close
to the response offered by the Pearson model (Eq. (3)) used to
estimate their redshifts, since, as we discussed earlier in Sect. 2,
the method does not work equally well for all H-ATLAS sources
(see Fig. 6). This can clearly be seen reflected in the large num-
ber of sources far away from the Pearson et al. (2013) SED
model in Fig. 4. We discard sources that are at a distance larger
than 0.3 from the Pearson model in the color—color diagram (see
Fig. 4), according to:

SPIRE MMF 2 SPIRE MMF \2
S350 _ S350 + S350 _ S350 <03 6)
GSPIRE — gMMF GSPIRE ~ gMMF -

350 350 500 500
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beam profile of the respective channel.

The number 0.3 is a compromise between a more stringent
requirement that would result in a smaller number of candidates
and a more relaxed requirement that would increase the num-
ber of candidates but at the expense of increasing the number of
sources with unreliable redshift estimations.

(v) The last requirement in our preselection is to exclude the
presence of possible blazars. As showed in Negrello et al. (2017),
the leaking of blazars into a catalog of high-z candidates can be
reduced by demanding our sources to have S3s50/S 500 > 1, unless
this ratio is already above the Pearson model in the color-color
diagram (see Fig. 4).

At this point, after the cuts (i) through (v), 5079 sources
remain in the sample. Since this sample will be used later, we
denote it the “full high-z” sample. These cuts are not perfect at
removing low-z objects but the sample should be dominated by
high-z candidates.

(vi) Finally, to reduce this level of contamination, and select
high-S/N sources for which photometry is expected to be robust
(and consequently the photometric redshift as well), we impose
the condition that the S/N defined in Eq. (4) must be greater than
or equal to 150 in the filtered image after our MMF has been
applied, except if the H-ATLAS SPIRE position has an asso-
ciation with a galaxy of known spectroscopic redshift within a
separation of 5 arcsec. This cut leaves 370 objects (see Fig. 4).
This selection constitutes our “robust high-z” sample of high-z
candidates, with a redshift distribution of 7 = 2.13 and o = 0.65,
and will be used later to identify possible lensed systems.

This sample is partially shown in Appendix A including the
estimated redshifts and flux densities. The entire catalog is avail-
able at the CDS. We have performed an additional study for the
objects within this sample by comparing the Pearson’s y? value
obtained considering only the SPIRE flux densities with the one
obtained taking into account also the PACS flux densities. For
this we have used the flux densities from the H-ATLAS catalog
as the observed data and the frequency dependence provided by
the Pearson SED (Eq. (3)), at the photometric redshift estimated
by our MMF, as the theoretical data. The result of this study is
shown within the online catalog through the flag “Reliability”.
Those sources for which the y? improves or remains the same
when using PACS fluxes are flagged with a “0”, whether the y?
worse slightly but it is still acceptable they are flagged with a
“1”, if the y? is much worse they are flagged with a “2” and if
the source does not have PACS flux densities we can use, it is
flagged with a “—1".

Within this sample, 201 candidates are in the GAMA fields
(60 in the GAMAD9, 58 in the GAMA 12 and 83 in the GAMAL1Y5),
82 in the NGP and 87 in the SGP. The number density of sources
in the GAMA fields is higher than in NGP and SGP after this
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(v) Exclusion of possible blazars.
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(ii) S/N > 50 in the three SPIRE channels.
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(iv) Photometric behavior close to the SED model.
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(vi) S/N > 150 except if source has an association.

Fig. 4. Evolution of the color—color diagram of the H-ATLAS sources studied as cuts are applied in order to get a sample of robust high-z
candidates. The dashed pink line is the track of the Pearson et al. (2013) SED for redshifts in the range [0.5,4.5] (in increasing order from the
top-right to the bottom-left corner). The vertical lateral coloured bar present in all plots is a scale of the S/N of the sources exhibited, achieved

with the MMFE.

last cut because the number of associations with objects having
spectroscopic redshifts is higher in the GAMA fields. Among all
the objects of this sample we find 35 QSOs. Figure 7 shows the
redshift distribution of the robust high-z sample in order to com-
pare it with the redshift distribution of the initial sample shown
in Fig. 5.

A direct comparison between our estimates of the flux den-
sities in all channels and the tabulated fluxes from the H-ATLAS
catalog is shown in Fig. 8. A clear linear trend is observed and
the accordance is pretty good. As happens with the spectro-
scopic redshift sources from Fig. 3, an overall underestimation
of our MMF flux densities, greater for fainter sources, can be
observed. As the number of sources is greater, here the effect

is most remarkable. The average flux underestimates between
the flux densities estimated from the MMF method and the H-
ATLAS fluxes are 10 + 9mlJy at 250 um, 12 = 9 mly at 350 um
and 9 + 8 mJy at 500 um. Since the MMF combines informa-
tion from all three wavelengths, which allows to reduce the
background and boost the signal, instrumental, foreground and
confusion noises are better removed so flux density estimates
are less affected by Eddington bias than H-ATLAS flux densi-
ties. This underestimation with respect to H-ATLAS flux den-
sities is stronger toward low flux densities, which supports the
Eddington bias hypothesis, but is also observed to a lesser extent
for high flux densities, suggesting a possible degradation of the
MMF photometry that could be related to the way we re-pixelize
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Fig. 5. Redshift distribution, according to the redshift estimates
obtained with the MMF method, of the 410 997 sources from H-ATLAS
selected after removing the non-point objects and the ones identified as
stars.
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Fig. 6. Normalized SED from Pearson et al. (2013), as defined in
Eq. (3), at z = 2 in contrast with the normalized tabulated fluxes at
250, 350 and 500 um (vertical dotted) of two H-ATLAS sources at
zmmr = 2: one (J144102.9+012805) that fits well to the model and other
one (J233138.6—354345), whose points have been slightly displaced in
x-axis to get better clarity, that does not fit properly to the model accord-
ing to our criteria.

the 350 and 500 um images and combine them during the multi-
filtering step (see Sect. 3).

Figure 9 shows the improvement in S/N achieved with our
MMF method for the robust high-z sample in contrast with the
S/N of the three um SPIRE bands. An average improvement of
76% in the S/N has been achieved for this sample with our MMF
technique compared to the 500 um band. Besides, an average
improvement of 16% and a slight improve of 0.2% have been
obtained for the 350 um and 250 um, respectively.

In the end, we have a selected sample that includes several
hundreds of interesting objects from H-ATLAS which both agree
with the Pearson et al. (2013) SED used to estimate the redshift
and have high redshifts and S/Ns.

6.2. Faint subsample: “500 um-risers”

Apart from the robust high-z sample explained above in Sect. 6.1,
we also looked for faint sources at 250 and 350 um but bright
at 500 um in the H-ATLAS data, the so-called “500 p-risers”.
Our selection criterion looks for sources whose detection is at least
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Fig. 7. Redshift distribution, according to the redshift estimates
obtained with the MMF method, of the 370 high-z H-ATLAS sources
from the robust high-z sample selected after imposing all cuts enumer-
ated in Sect. 6.1.

barely significant at 500 um and that are not clearly detected at
250 and 350 um in the H-ATLAS catalog. We select objects with
S/N500 > 40', S/N250 < 40 and S/N35Q < 4¢ in the H-ATLAS
catalog and apply our multifrequency MMF filter to them, in order
to enhance the statistical signification of those detection candi-
dates. Those sources with S /N > 50 after the MMF filtering and
that satisfy the condition S50 < S350 < S s00 are considered to be
statistically significant enough to be firm candidates to be 500 ym-
risers. This way, we get a sample of 695 reddened SPIRE objects.
We must not forget the limitations of the Pearson et al. (2013) SED
(Eq. (3)) used to estimate the redshifts so by selecting again the
sources which fit better to the model in the color-color diagram
(Eq. (6)) we are left out with 237 objects. This selection consti-
tutes our 500 um-riser sample of robust high-z candidates, with
a redshift distribution of 7 = 4.62 and o = 0.71. This sample is
partially shown in Appendix A including redshift and flux density
estimates. The entire catalog is available at the CDS. The same
additional y? study, considering PACS flux densities, performed
for the “robust high-z” sample has been applied to this sample, and
the result is shown within the online catalog through the same flags
explained in Sect. 6.1. Within this sample, 97 objects are from the
GAMA fields (27 in the GAMADY, 37 in the GAMA12 and 33 in
the GAMA15), 68 from the NGP and 135 from the SGP.

The comparison between our estimates of the flux densities
in all channels and the tabulated fluxes from the H-ATLAS cat-
alog for the 500 um-riser sample is shown in Fig. 10. A much
larger scattering than the one seen in Fig. 8 for the robust high-z
sample can be observed. But this behavior was expected as we
are aiming to sources which have a barely significant detection
at 500 um and are not detected at 250 and 350 um. The average
flux underestimates between the flux densities estimated from
the MMF method and the H-ATLAS fluxes are 4 + 4mly at
250 um, 0.4 + 4mly at 350 um and 3 + S mJy at 500 ym.

Figure 11 shows the comparison between the S/N reached
with our MMF method and the S/N in all three SPIRE channels.
It seems logical that the improvement achieved with our method
in S/N for these 500 um-riser objects (Fig. 11) should be better
than for the objects from the robust high-z sample (Fig. 9), as
they are near the H-ATLAS detection limit. This is confirmed
since we have achieved average improvements of 25%, 55% and
76% in the S/N for the 500, 350 and 250 um, respectively. This
clearly reflects that it is in this kind of faint objects where our
MMF method accomplishes bigger impact in terms of signal sig-
nificance.
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sponding tabulated flux measurements from the H-ATLAS catalog in logarithmic scale for the 370 high-z H-ATLAS from the robust high-z sample
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corresponding tabulated flux measurements from the H-ATLAS catalog in logarithmic scale for the 237 high-z H-ATLAS from the 500 um-riser
sample (see Appendix A). The linear behavior with zero-intercept is drawn with a black dashed line. All fluxes are in units of mJy/beam according

to the beam profile of the respective channel.

Unlike the previous robust high-z sample that sought to select
bright objects in all bands, among which the probability of find-
ing lensed systems is relatively high, now we pursue faint high-z
objects. Most of them are not expected to be lensed by fore-
ground sources but to be intrinsically luminous. These robust
high-z and 500 um-riser samples are, in fact, built from starting
requirements mutually excluding. Sources from the robust high-
z sample are initially required to have S/N,s5y, S/N3s50 and
S/Nsqy greater than 40 while sources from the 500 um-riser
sample are demanded to have S /N5y > 40, S/Ny5y < 40, and
S/N350 < 40. But this does not mean, for example, that there
are not candidates to lensed sources among H-ATLAS 500 um-
riser galaxies. It should be pointed out, for instance, the case of
J090045.4+004125 (@ = 135.191, 6 = 0.6897), a dusty star-
forming galaxy at z = 6 revealed by strong gravitational lensing
and detected in the GAMA field being part of a subsample

of the H-ATLAS 500 um-riser galaxies (Zavala et al. 2018).
This object does not appear in the robust high-z sample but
is part of our 500 um-riser sample under the identifying name
J090045.5+004131 with a redshift estimation of z = 6.35 via
our MMF technique.

An important effort was made recently by Ivison et al. (2016)
in order to take advantage of the 250, 350 and 500 um Herschel-
ATLAS imaging survey and select extremely red objects. That
work focused on studying the space density of luminous dusty
star-forming galaxies (DSFGs) at z > 4 by selecting galax-
ies from the H-ATLAS survey with extremely red far-infrared
colors and faint 350 and 500 um flux densities, called ultra-red
galaxies. It is important to bear in mind that they used a mod-
ified version of the MADX algorithm to identify their sources,
so some of their sources are not in the official H-ATLAS cata-
log. This fact explains why we have been able to locate in the
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Fig. 11. S/N in the filtered image after our MMF has been applied versus the S/Ns in the 250 (left), 350 (middle) and 500 um (right) SPIRE
channels in logarithmic scale for the 237 high-z H-ATLAS from the 500 um-riser sample. The linear behavior with zero-intercept is drawn with a

black dashed line.

H-ATLAS catalog only 78 of the 109 sources shown in their
sample.

None of these 78 red sources is, of course, in our robust
high-z sample since they were detected at a S/N > 3.50 at
500 um, being mostly brighter in this band than in the others,
and our robust high-z sample was built with relatively bright
sources in all bands. Instead, and as expected, there is an over-
lap between our 500 um-riser sample and these red sources from
Ivison et al. (2016). These 78 objects were required to be above
3.50 in any of the three SPIRE bands and our 500 um-riser
sample was built demanding S /N5 > 40, S/Nyso < 40 and
S/N3so < 4o0. To begin with, 54 out of these 78 objects are
not included in our 500 um-riser sample because all they have
S/N3s5o > 4 and thus are excluded by our criterion, which
leaves us with 24 possible objects. Only nine of these remain-
ing 24 objects from Ivison et al. (2016) (J090045.5+004131,
J090304.5-004616, J114038.8—022804, J114350.3—005210,
J114353.5+001250, J114412.1+001812, J115614.0+013900,
J142710.6+013806 and J004615.0—321825) are included in our
500 um-riser sample. If sources were not demanded to behave
like the Pearson SED, there would be 16 objects.

In the next section we will study the correlations between the
high-redshift sources and their possible lenses. We will focus on
the robust high-z sample because we find no significant corre-
lation for the case of the 500 um-riser sample. This suggests us
that this last sample is mostly not lensed as expected due to the
lower flux criterion used to select its sources.

7. Possible lensed galaxies
7.1. Preliminary comparison with previous works

In the previous section we presented our samples of high-redshift
candidates (full, robust high-z, and 500 um-riser samples). Since
the optical depth of strong lensing grows with the redshift of
the background source, these samples of high-z candidates may
contain some lensed galaxies. In fact, this is known to be par-
ticularly true for Herschel sources, where the brightest high-z
sources correspond to SLGs (Negrello et al. 2007, 2014, 2017;
Hopwood et al. 2010; Cox et al. 2011; Conley et al. 2011; Lapi
et al. 2011; Gonzalez-Nuevo et al. 2012; Messias et al. 2014;
Dye et al. 2015).

Here we compare the robust high-z sample (370 candi-
dates) with similar catalogs found in the literature. Our robust
high-z sample contains 62 of the 80 candidate SLGs with flux
density above 100 mJy at 500 um presented in Negrello et al.
(2017). 17 of the candidates in the robust high-z sample are
part of the sample of 20 confirmed SLGs (Negrello et al.
2017). The only three confirmed strong lens systems that are
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not included in our sample are J085358.9+015537 (flagged as
a star), J142935.3—-002836 (which is a major merger system at
z = 1.027 Messias et al. 2014 and is excluded by our cut iii)
and J125135.3+261457 (excluded by our cut v). Among the
confirmed lensed galaxies, J114637.9-001132 at z = 3.26 is
interesting since it is associated to a candidate high-z proto-
cluster? (Fuetal.2012; Herranz et al. 2013; Clements et al. 2016;
Greenslade et al. 2018).

In addition, six of the eight objects labeled in Negrello
et al. (2017) as likely to be lensed and 39 of the 51 objects
defined as unclear are included in our robust high-z sample of
370 candidates. The two missed objects labeled as likely to
be lensed were excluded in our cut iv. The only one object
from Negrello et al. (2017) confirmed to not be a strongly
lensed galaxy (J084933.4+021442) is nor part of our sample
because it is flagged as a star in the H-ATLAS catalog. It is
indeed a binary system of Hyper Luminous Infrared Galax-
ies (HyLIRGs) at z=2.410 (Ivison et al. 2013). Our sample
also contains five sources from the SGP field (J004736.0—
272951, J011424.0-333614, J235623.1-354119, J001010.5—
360237 and J014849.3—-331820) which meet the flux criterion
demanded by Negrello et al. (2017) but are not in their proposal.

In Gonzdlez-Nuevo et al. (2012), the authors applied to
the H-ATLAS Science Demonstration Phase field (~14.4 degz),
which covers part of the GAMAY field, a method for effi-
ciently selecting faint candidate SLGs. This method was
called HALOS (Herschel-ATLAS Lensed Objects Selection).
They found 31 candidate SLGs, whose respective candidate
lenses were identified in the VIKING near-infrared catalog
and proposed that the application of HALOS over the full H-
ATLAS surveyed area would increase the size of the sample
up to ~1000 SLGs. Eight of these sources are included in
our robust high-z sample of 370 sources: J090302.9-014127,
J090311.6+003906, 1090740.0—004200, J091043.0—-000321,
J091304.9-005343 (all of them confirmed as strongly lensed
in Negrello et al. 2017), J085855.3+013728, J090957.6—-003619
and J091331.4-003644.

The H-ATLAS catalog can be used to find potential lens sys-
tems (lens plus lensed galaxy) using the already available optical
associations with SDSS (Blanton et al. 2017) for each SPIRE
source (Bourne et al. 2016). These associations are sought
via a Likelihood-Ratio analysis of optical candidates within
10 arcsec of all SPIRE sources with S /N > 4 at 250 um. Bourne
et al. (2014) studied the fact that redder and brighter submm
sources have optical associations with greater positional off-
sets than would expected if they were due to random positional

3 We have recently submitted an ALMA proposal to confirm the red-
shifts of the objects associated to this possible proto-cluster.
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errors. They concluded that lensing is the most plausible cause
for increased offsets of red submm sources and that the problem
of misidentifying a galaxy in a lensing structure as the coun-
terpart to a higher redshift submillimeter galaxy may be more
common than previously thought. Most of these optical asso-
ciations do not have spectroscopic information (i.e. secure red-
shift), however, there are 180 objects in our robust high-z sam-
ple for which this condition is fulfilled (mostly because of the
cut vi). Spectroscopic redshifts are obtained from many differ-
ent surveys, like SDSS DR7, SDSS DR10, 6dFGS, 2SLAQ or
GAMA. 138 sources out of these 180 have a reliable spectro-
scopic redshift (Zguar, > 3) in the range 0.1 < z < 1.1, that is
significantly smaller than the photometric redshift estimated by
our MMF method. Hence, these associations may correspond to
possible lens systems since the redshifts of the alleged lens and
the high-z candidate are so different. In those cases where the
optical association is not the same object as the SPIRE source,
it will be an object at a smaller redshift and close (in angular
separation) to the SPIRE source. The conditions would be given
for the lens effect to take place and these cases should be stud-
ied in detail to verify it. However, since these associations are
already given in the catalogs themselves and their spectroscopic
redshifts come from many different sources, we are going to pro-
ceed to look for our own associations.

The above discussion shows how our robust high-z sample
has the potential to host many unknown lensed galaxies. Most
of the previously known Herschel lensed galaxies were unveiled
by the 500 um flux density criterion (Ss509 > 100mly), which
has proven to be a simple (but powerful) method of selecting
strongly lensed candidates. Here we rely on a cross-correlation
study based on matching distant IR sources with foreground
potential lenses located at distances that make them consistent
with being a lens system.

7.2. Statistical lensing analysis. Correlation analysis with
SDSS

Additional evidence for significant lensing in our two samples
(full and robust high-z) can be obtained through a simple cor-
relation analysis with a catalog of foreground galaxies. If the
Herschel sources are tracing the magnification pattern produced
by a population of lenses at z < 1, one would expect an excess of
IR sources detected around regions of magnification larger than
one. Alternatively, the alleged high-z source could be instead a
lower redshift associated with the lens. In this case, the excess
found in the correlation would be produced by contamination
of our sample (i.e low-z sources being misinterpreted as high-z
sources).

For the catalog of potential foreground lenses (z < 1), we
use lenses extracted from the SDSS. By lenses, we mean here
either individual galaxies or groups of galaxies (see below).
Since SDSS does not cover the SGP field, we consider only
the IR sources which come from the GAMA and NGP fields.
After removing IR high-z candidates from the SGP field, the full
high-z sample is reduced to 2828 candidates while the robust
high-z sample is left with 283 candidates. For a simple esti-
mation of the correlation, we compare the number of matches
found within an aperture and for different aperture radii, N, (R),
with the expected number from a random distribution (N,(R),
see Eq. (7)). This random number is obtained by the following
equation:

Ac (R)

N, (R) = N,
(R) Ly

@)

where Ny is the number of H-ATLAS high-z candidates, A.(R)
is the total area covered (within the footprint of H-ATLAS)
by the disks of radius R around the SDSS sources, and Ay =
341.65 square degrees is the total area of H-ATLAS survey
excluding the SGP field. By construction, N,(R) < Ny.

On the other hand, the number of matches (N,,(R)) between
the H-ATLAS sources and the SDSS lenses is obtained by com-
puting the number of associations between both catalogs as a
function of radius by centering disks of radius R on the SDSS
lenses and counting the number of H-ATLAS sources which fall
within the disk. Any significant excess over the expected value
in the random case is evidence for either lensing or contamina-
tion. The uncertainty, or significance, with respect to the ran-
dom case is given by the Poissonian error (i.e., the uncertainty
is given by o,(R) = VN,(R)). If the excess is due to contam-
ination, this hypothesis can be tested, since one would expect
the separation between the positions of the Herschel sources and
the SDSS lenses to be comparable to the positional error in Her-
schel (which is significantly larger than the corresponding error
in SDSS), that is 2-3 arcsec. In these cases, the Herschel source
may actually be the SDSS lens. If, on the contrary, a high-z Her-
schel candidate is found at more than 3 arcsec from the SDSS
source, lensing is possibly responsible for that association. Some
of the associations should be due to pure random alignments
but this number can be estimated by the Poissonian expectation
number discussed above.

For the SDSS lenses, we use two catalogs of potential lenses
derived from SDSS. The first catalog focuses on rare but massive
potential lenses at z < 0.6 while the second catalog focuses on
less massive, but more abundant, potential lenses with z < 1.1.
We set a lower limit to the redshift of the potential lenses since
below certain redshift, strong lensing becomes inefficient due to
the increase in the critical surface mass density (zpyi, ~ 0.1).

For the association with massive lenses, we use the SDSS
DRS8 redMaPPer cluster catalog with 26 111 objects (Rykoff
et al. 2014). This catalog is the result of applying the Red-
sequence Matched-filter Probabilistic Percolation (redMaPPer)
cluster finding algorithm to the 10400 deg® of photometric data
from the Eighth Data Release (DRS8, Aihara et al. 2011) of the
SDSS. The redMaPPer algorithm has been designed to han-
dle an arbitrary photometric galaxy catalog, with an arbitrary
number of photometric bands (>3), and performs well provided
the photometric bands span the 4000 A break over the redshift
range of interest. It adapts therefore well to a survey such as
the Sloan Digital Sky Survey. Because the number of objects in
this catalog is not very large, we use all of them in the cross-
correlation which cover a range of 0.08 < z < 0.6 in redshift
and 19.85 < A1 < 299.46 in cluster richness. Ny = 881 of the
26 111 halos fall in the footprint of H-ATLAS. We find no sig-
nificant excess when cross-correlating redMaPPer with our cata-
log of high-z H-ATLAS sources. Given the fact that 17 of the 20
strongly lensed candidates from Negrello et al. (2017; confirmed
as such) are in our selected sample, and none of them has a match
with redMaPPer, this confirms that the lenses in Negrello et al.
(2017) are not massive halos, but rather relatively small halos
(like elliptical galaxies for instance).

Our second search for potential lensed galaxies focuses
on the low-mass regime of the lenses. From SDSS DR14
(Abolfathi et al. 2018) we select a larger catalog of galaxies with
known spectroscopic redshifts. We focus on galaxies with known
redshift in order to minimize possible contamination from galax-
ies that are misinterpreted as having z > 0.15 and also to reduce
the computation time. The sample contains 1776242 galax-
ies from the Sloan Digital Sky Survey Data Release 14 with
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Fig. 12. Ratio between the number of matches found (Ny(R)), after
cross-matching the full high-z subsample of 2828 H-ATLAS sources
with a sample of 1776 242 known-redshift galaxies from SDSS DR14,
and the number of matches expected (N,(R)) from a random distribution
(Eq. (7)) for different aperture radii R around the SDSS sources.

0.15 < z < 1.1. As mentioned above, we limit the minimum red-
shift to 0.15 since below this redshift most galaxies are expected
to be subcritical (and not produce strong lensing effects). Among
all of them, Ny = 50 175 are the galaxies that fall in the footprint
of H-ATLAS. We cross-correlate our full high-z subsample of
2828 H-ATLAS sources with the SDSS catalog of galaxies and
compare it with the expected number in the case of no correlation
(i.e, the random case described above). The ratio of the observed
(Nm(R)) and random matches (N,(R)) between this catalog and
our full high-z selection sample is shown in Fig. 12 for different
radii. In Fig. 13 we exhibit the same but for our robust high-z
subsample of 283 candidates. Both Figs. 12 and 13 show a non-
one signal for aperture radii of several arcminutes which is unex-
pected and an example of the lensing-induced cross-correlations
between high-z submillimeter galaxies and low-z galaxy pop-
ulation (Wang et al. 2011; Gonzdlez-Nuevo et al. 2014, 2017,
Bourne et al. 2014).

There is a clear increase in significance when considering the
robust high-z subsample of 283 candidates. A sharp increase in
the excess of matches is found at distances below 60 arcsec. The
smaller amplitude of the excess in the full high-z sample with
2828 sources suggests that this sample may be more contami-
nated by low-z candidates.

Focusing on the smaller radii, we find 40 associations at
a separation lower than 20 arcsec, between the 50 175 known-
spectroscopic-redshift galaxies from SDSS DR14 that fall in
H-ATLAS footprint and our robust high-z subsample of 283 H-
ATLAS sources. One of them (J145420.6—005203) is identi-
fied as a QSO in the H-ATLAS catalog. We chose to consider
this separation since most of the lenses would have an Einstein
radius less than 20 arcsec, which is the radius around which
the strongest magnifications are expected. From among these
matches, 28 have a separation greater than the positional error
in Herschel (>3 arcsec) so lensing is possibly responsible for
that association. ~4 associations should be caused due to pure
random alignments so it is expected that a considerable number
of these associations are lensed. These 40 matches are shown in
Table 4. And snapshots of them, centered on the SDSS DR14
sources, are shown in Figs. B.1-B.3.

We have used the SDSS DRI14 asinh magnitudes in the
r-band of these 40 low redshift optical sources shown in Table 4
to get a rough estimation of the Einstein radius of each possible
lensed system. Firstly, we have estimated from van Uitert et al.
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Fig. 13. Ratio between the number of matches found (N (R)), after
cross-matching the robust high-z subsample of 283 candidates with a
sample of 1776242 known-redshift galaxies from SDSS DR14, and
the number of matches expected (N,(R)) from a random distribution
(Eq. (7)) for different aperture radii R around the SDSS sources.

(2015) the corresponding corrections for the redshift of their spec-
tra (i.e., the k-correction) and for the intrinsic evolution of their
luminosity (i.e., the e-correction) in order to correct the r-band
magnitudes. Once the magnitudes of the optical sources are cor-
rected, we have calculated their fluxes and then their luminosi-
ties (through their luminosity distances Dy ). At this point, we
used the luminosity-to-halo mass relation Mg = Mo (L/ Lo
parametrized in van Uitert et al. (2015) to estimate the mass of
each SDSS galaxy for the corresponding luminosity previously
obtained. The pivot luminosity Ly is the same for every object
while the My, and B, parameters depend on the spectroscopic
redshift of the galaxy. Finally, we supposed the galaxy behaves as
a singular isothermal sphere to estimate the Einstein radius (see
Narayan & Bartelmann 1999). We assumed the virial radius of
the galaxy to be r = 1.3(M/10"> M)'/* Mpc in order to estimate
its velocity dispersion oy = VYGM/2r. The Einstein radius can
be then estimated through 6 = (4n02Dgs)/(c*Ds), where Dy
and Dy are the angular diameter distances between the lens and
the source, and observer and source, respectively. These distances
are calculated with the spectroscopic redshift of the SDSS galaxy

acting as lens (zfggs) and the photometric redshift of the source

estimated with our MMF (zﬁ‘f}i}se‘i). These Einstein radius esti-
mates are included in Table 4 and endorse the choice of 20 arcsec
as upper limit for the separation between H-ATLAS sources and
their partners from SDSS DR 14. 15 of the 40 matches have a sepa-
ration radius smaller than the corresponding estimation of the Ein-
stein radius. For these 15 we will expect to find counter-images
outside the Einstein radius. Possible reasons why we do not find
those could be: (i) the foreground galaxy is not a lens, (ii) there
is substructure around the lens that can create fluctuations in the
flux or (iii) the Einstein radius is overestimated. Einstein rings cor-
responding to this radii have been drawn in the snapshots from
Appendix B.

All H-ATLAS objects from Table 4, except four of them, had
a previous association with a galaxy with spectroscopic redshift
at less than 10 arcsec. In our search for possible lens systems, we
extend our association radius to 20 arcsec. We find that 2 of the
previously unmatched H-ATLAS sources (J132111.2+265009
and J134429.5+303034) can now be matched with a galaxy
having spectroscopic redhsift within 20 arcsec. For the other
two remaining unmatched sources (J131533.9+233254 and
J141351.9-000026), we find associations within 10 arcsec with
SDSS galaxies having spectroscopic redshift. These last two
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Table 4. 40 matches found at a separation radius less than or equal to 20 arcsec after cross-matching the robust high-z subsample of 283 high-z
candidates with a sample of 1776242 known-low-redshift galaxies from SDSS DR14.

No. H-ATLAS name a (deg) § (deg) z;,‘f;'j}%sed Z\HI,;?TLAS SDSS ID a (deg) § (deg) zf,],)sfs R (arcsec) O (arcsec)
1 J083726.1+015641 129.358797 1.944871 1.86 +0.28 0.396 1237653622837216254 129.359078 1.944271 0.396 24 39
2 J085229.0+010217 133.121072 1.038117 2.46 + 0.30 0.492 1237650797288031084 133.120142 1.038521 0.492 3.7 6.9
3 J085250.9-010000 133.21219 —1.000204 1.13 £ 0.26 0.581 1237673709866321335 133.213142 —1.000520 0.583 3.6 23
4 J085855.4+013729 134.731174 1.624899 2.36 £ 0.30 0.665 1237651753990489111 134.729564 1.626498 0.658 8.1 26.6
5 J090038.0-003522 135.158643 —-0.589715 1.54 £0.27 0.407 1237674460412707797 135.154630 —-0.586598 0.570 18.3 4.5
6 J090311.6+003907 135.798682 0.652064 3.17+£0.34 0.300 1237648722285101574 135.798225 0.651815 0.300 1.9 14
7 J091331.4-003644 138.380891 -0.612341 1.49 £ 0.27 0.296 1237648720675668446 138.383247 -0.610143 0.499 11.6 34
8 J092348.4+011907 140.952056 1.318877 1.44 £ 0.27 0.590 1237653664181126111 140.952085 1.319323 0.590 1.6 54
9 J114512.9-002446 176.303787 —-0.412797 3.13+034 0.444 1237671140943987623 176.308407 —-0.412486 0.629 16.7 5.6
10 J115101.7-020024 177.757213 —2.006799 1.89 £ 0.28 0.264 1237650762389586324 177.760981 —2.006413 0.454 13.6 6.3
11 J115819.5-000127 179.581642 —-0.024356 2.32+0.29 0.597 1237648721230561969 179.579745 -0.026204 0.597 9.5 6.8
12 J120656.4+012641 181.735018 1.444872 2.11+£0.28 0.637 1237651752400454138 181.733129 1.443833 0.637 7.8 5.6
13 J120932.7+002517 182.386595 0.421524 1.51 £0.27 0.470 1237674651003454270 182.385894 0.420998 0.471 32 54
14 J125233.5+331031 193.139528 33.175366 2.05+0.28 0.490 1237665331465945161 193.139024 33.175429 0.490 1.5 4.8
15 J130138.7+302808 195.411281 30.468764 2.03 £0.28 0.166 1237665443126575176 195.410385 30.468297 0.166 33 23
16 J130152.8+4245012 195.469976 24.836605 2.28 +£0.29 0.519 1237667911671153185 195.469452 24.836544 0.519 1.7 3.7
17 J131407.0+271208 198.529016 27.202121 0.96 +0.27 0.189 1237667443513229416 198.529224 27.203110 0.189 3.6 1.3
18 J131533.9+233254 198.891415 23.54824 1.35+0.26 - 1237667910598787245 198.892569 23.550384 0.551 8.6 42
19 J131635.1+332406 199.14629 33.401613 333+035 0.463 1237665127475380722 199.147629 33.401386 0.463 4.1 5.6

20 J131715.6+322643 199.314904 32.44538 1.25+0.26 0.185 1237665227847565637 199.313765 32.446109 0.185 4.3 11.7

21 J132111.2+265009 200.296539 26.835849 2.08 £0.28 - 1237667323262992805 200.293255 26.836073 0.542 10.6 0.6

22 J132355.2+282319 200.979945 28.388498 233 +£0.29 0.406 1237665440981254703 200.978406 28.389180 0.406 5.5 3.1

23 J132453.6+244909 201.223168 24.819245 1.82 £ 0.27 0.569 1237667448346903078 201.221548 24.818992 0.569 54 32

24 J133020.9+240249 202.587121 24.046861 3.00 £ 0.33 0.610 1237667911673971962 202.586077 24.046954 0.610 3.5 4.2

25 J133231.6+350843 203.131806 35.145221 1.82 +0.27 0.189 1237664852029079667 203.131680 35.145198 0.189 0.4 2.0

26 J133806.8+351530 204.528535 35.258382 1.90 + 0.28 0.339 1237664852566409566 204.528530 35.257533 0.339 3.1 0.6

27 J134324.5+240202 205.852117 24.034017 2.15+0.29 0.500 1237667912212153027 205.854422 24.035555 0.500 9.4 2.6

28 J134429.5+303034 206.12285 30.509484 2.29+£0.29 - 1237665329860248195 206.122041 30.504826 0.672 17.0 0.9

29 J134853.0+270011 207.220753 27.002946 2.49 £ 0.30 0.175 1237665533319643218 207.223273 27.003177 0.175 8.1 3.0

30 J141351.9-000026 213.466627 —-0.007454 272 £ 0.31 - 1237674603753243273 213.466488 —-0.009563 0.548 7.6 1.2

31 J141550.4+012750 213.960027 1.464006 2.47 +0.30 0.296 1237651752951415050 213.959966 1.465131 0.296 4.1 1.5

32 J141605.5+011828 214.023078 1.308023 3.15+0.34 0.588 1237651735235003221 214.024281 1.307622 0.588 4.6 33

33 J141827.4-001703 214.614453 —0.284336 1.85 +0.28 0.250 1237648704053903588 214.614920 —0.284529 0.250 1.8 3.6

34 J141832.9+010212 214.637488 1.036847 4.14 £ 0.39 0.668 1237651752414871842 214.636719 1.036710 0.668 2.8 32

35 J142008.9-001434 215.03741 —0.242847 2.27+0.29 0.615 1237648704054035361 215.037730 —0.242879 0.615 1.2 5.9

36 J142233.9+023413 215.641415 2.570521 2.20 £ 0.29 0.747 1237651736846270820 215.641393 2.568986 0.747 5.5 0.2

37 J143358.4-012718 218.493585 —1.455029 1.89 +£0.28 0.239 1237655693012369781 218.49700 1.456681 0.238 13.7 2.1

38 J143845.8+013503 219.691249 1.584351 1.62 £ 0.27 0.498 1237651735774364011 219.691389 1.583848 0.498 1.9 53

39 J145420.6-005203 223.586163 —0.867644 2.58 +0.31 0.765 1237648720176087748 223.586516 —0.872245 0.551 16.6 8.4

40 J145653.4-000720 224.222595 —-0.122431 1.58 +0.27 0.647 1237648721250092410 224.222216 0.1229648 0.647 24 1.5

Notes. The object J145420.6—005203 is identified as a QSO in the H-ATLAS catalog. For each H-ATLAS source the following information is
provided: our redshift estimate after revising the bias (2272 spectroscopic redshift of the optical association assigned in the H-ATLAS catalog

MMF
( H-ATLAS
Zspec

, identifying name (SDSS ID) of the association found by us,

SDDS

its spectroscopic redshift (zg,e,

), its separation radius in arcsec (R) and a

rough estimation of Einstein radius that the lensed system would have according to the calculations and assumptions described in Sect. 7.2.

associations may have not been included in the H-ATLAS cat-
alog because SDSS DR7 and SDSS DR10 were used and we
cross-match our robust high-z sample with known-low-redshift
galaxies from SDSS DR14.

There are five sources for which there is a mismatch
between the redshift published in the H-ATLAS catalog and
the redshift of the match found in this work. These
sources are J090038.0—-003522, J091331.4—-003644 (SLG can-
didate from Gonzalez-Nuevo et al. 2012), J114512.9-002446,
J115101.7-020024 (labeled as unclear in Negrello et al. 2017)
and J145420.6—-005203. In all cases, our matches are beyond the
10 arcsec radius used in the H-ATLAS association. All these five
sources lie in the GAMA fields for which more redshift infor-
mation is available other than the SDSS redshifts (and that was
not used in our association). In fact, we can confirm that spectro-
scopic redshifts for the first four sources come from the GAMA
project (Driver et al. 2009, 2016) but the last one comes from the
WiggleZ Dark Energy Survey.

After visual inspection, among the 40 matches we
identify interesting cases that are likely to be lensed.
Three of them (J090311.6+003907, J134429.5+303034 and
J141351.9-000026) are already confirmed as strongly lensed
systems in Negrello et al. (2017). Some other SDSS stamps

reveal overdensities of galaxies at z <1 that could indicate the
presence of a group of galaxies acting as a lens for the cor-
responding candidate. These are mainly J083726.1+015641,
J085229.0+010217, J085250.9-010000, J115819.5-000127,
J130138.7+302808, J131407.04+271208, J131533.94+233254,
J133231.6+350843, J133806.8+351530, J141832.9+010212
and J143845.8+013503.

The properties and complex nature of the strong gavitation-
ally lensed system J090311.6+003907 (proposed as candidate
SLGs in Gonzalez-Nuevo et al. 2012) have been studied in detail
in Dye et al. (2015) by modeling ALMA long baseline imaging.
This source has an optical association in the H-ATLAS catalog
at 1.87 arcsec with z = 0.3 which is compatible with both the
assocciation we found after the cross-matching and the associa-
tion identified in Negrello et al. (2017).

The source J134429.54+303034 has no association in the
H-ATLAS catalog (within 10 arcsec) with an optical counterpart
with known-redshift. Although we find an SDSS galaxy (with
unknown redshift) at 0.43 arcsec distance. At larger radii, we
find an association with a SDSS galaxy having zgec = 0.67 at
16.96 arcsec. In Negrello et al. (2017) they find a potential lens
with zgee = 0.6721 but much closer to the H-ATLAS source
(0.43 arcsec). A closer look at the SDSS images reveals how the
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potential lens can be barely resolved in SDSS images. We pro-
pose that the small lens indentified in Negrello et al. (2017) is
part of a larger halo (or lens) at z = 0.67.

The source J141351.9-000026 resembles the situation of the
previous source. It has no optical association with any galaxy
having known spectroscopic redshift in the H-ATLAS catalog
but we find a galaxy (with unknown redshift) in the SDSS images
at 1.12 arcsec distance. For this source we find an association
with a SDSS galaxy at 7.61 arcsec at z = 0.547. This association
differs from the one in Negrello et al. (2017) which finds a much
fainter galaxy at 1.12 arcsec (also at z = 0.547). A closer inspec-
tion of the optical high resolution image in Negrello et al. (2017)
reveals a giant arc at the position of the IR source. The morphol-
ogy of the arc (with an arc radius of order 10 arcsec and aligned
in a tangential direction with respect to our lens candidate) sug-
gests that our association is the correct one. However, the galaxy
found in Negrello et al. (2017) could still be contributing to the
magnification since it seems to lie at, or near, the critical curve
(for the redshifts of the lens and IR source).

The object J115101.7-020024 is also present in Negrello
et al. (2017) proposal. It is labeled as an unclear case because no
optical association was found. But we have found an association
for this source with zg,ec = 0.4543 at 13.63 arcsec which differs
from the optical association assigned in H-ATLAS catalog.

J131533.9+233254 is an interesting example. The H-ATLAS
catalog contains no optical association. We find an associa-
tion in SDSS at 8.61 arcsec and with z=0.551. The snapshot
of this association in Fig. B.2 reveals a number of galax-
ies in the vicinity of the SDSS galaxy, suggesting that the
lens may be a group or a cluster at z=0.55. The stamp
for J141351.9-000026 (discussed above) resembles this sit-
uation although with fewer SDSS galaxies. Other interest-
ing candidates are J083726.1+015641, J085229.0+010227 and
J115819.5-000127 which show a concentration of SDSS
galaxies near the IR source. The already mentioned object
J091331.4-003644 and J085855.4+013729 are the only ones
candidates from Gonzalez-Nuevo et al. (2012) presented in the
robust high-z sample for which we found associations with spec-
troscopic redshifts.

The selection shown in Appendix B contains only a small
sample of potential candidates to be lensing systems. Our search
for this type of systems is limited by the fact that we restrict
ourselves to SDSS galaxies with spectroscopic redshifts. Future
surveys with many more galaxies having spectroscopic redshifts
(like EUCLID), or even photometric redshifts with accurate
photo-z (like J-PAS) can increase significantly the number of
lensed systems.

8. Conclusions

In this paper we have extended previous work on the multifre-
quency matched multifilter (MMF) technique to submm astron-
omy, in particular the Herschel-ATLAS fields. Our multifre-
quency technique allows us to, on one hand, boost the statistical
significance and S/N of the detections and, on the other hand,
provide an estimation of the photometric redshift. This approach
relies on semi-analytic modeling of the thermal peak of the SED
of dusty galaxies (see e.g., Pearson et al. 2013). We remark that
the use of SED templates is not strictly necessary for the MMF
technique*, but it becomes very useful for the purpose of red-

4 As discussed in Lanz et al. (2010, 2013), the MMF can work with
arbitrary SED points taken as free random variables, but some physical
modeling is often both justified and useful.
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shift estimation. We have tested our technique with both realis-
tic simulations and also with H-ATLAS sources for which their
redshifts are known, concluding that the MMF indeed leads to
an improved S/N with respect to single-frequency detection and
that the photometric redshifts are relatively accurate, specially
for those H-ATLAS sources with a photometric behavior close
the SED used in the range 0.8 < z < 4.3. Outside of this range,
we have studied the bias in the MMF photo-z estimation and
provided correction factors up to z ~ 7.0.

410997 point-like sources from the DR1 and DR2 H-
ATLAS fields (Valiante et al. 2016; Maddox et al. 2018) have
been re-analyzed with this multifrequency filter. Two different
sets of selection criteria based on flux, color, S/N, and agreement
between observed photometry and the SED model have been car-
ried out in order to select the H-ATLAS sources for which the
MMF method performs the best and illustrate its potential use-
fulness. A total of 607 H-ATLAS sources, for which new pho-
tometry and photometric redshifts are provided, are found. They
are split in two samples of interest:

— A sample of 370 bright high-z objects with z = 2.13 and
o, = 0.65. This sample contains 62 of the 80 strongly lensed
candidates identified in Negrello et al. (2017), and including
17 out of the 20 confirmed strongly lensed galaxies. An aver-
age improvement of 76% in the S/N has been achieved for
this sample with our MMF method compared to the 500 ym
band. Besides, an average improvement of 16% and a slight
improve of 0.2% have been obtained for the 350 um and
250 um, respectively. By cross-correlating this high-z sample
with a catalog of low-known-redshift galaxies from SDSS
DR14, we find 40 potential candidates to being gravitational
lens systems which have been shown and discussed. Some
SDSS stamps around these candidates reveal overdensities
of galaxies at z < 1 that could indicate the presence of a
group of galaxies acting as a lens.

— A second sample of 237 faint high significance candidates to
500 pm risers (with 7 =4.62 and o, =0.71) which were pre-
viously near the H-ATLAS detection limit but are now con-
firmed with the MMF as high significance detections. We
have achieved average improvements of 25%, 55% and 76%
in the S/N for the 500 um, 350 um and 250 um, respectively.
This clearly reflects that is in this kind of faint objects where
our MMF method reaches its full potential in terms of S/N
improvement.

The MMF has proven to be able to enhance the sensitiv-
ity of fainter objects and improve its photometry. According
to the comparative analysis of the photometric redshift esti-
mates with known-redshift H-ATLAS sources, it may also return
more robust photometric redshifts than the ones that would be
obtained using the fluxes of the H-ATLAS catalog, as proven by
the mean u and median u;, values shown in Tables 1, 3.

Running a non-blind search, using the already-known source
positions in the public H-ATLAS catalog, allows us to directly
compare our method with the detection pipeline of the public
H-ATLAS catalog. However, given that, in the end, H-ATLAS
detection image simply reduces to the 250 um channel (Valiante
et al. 2016), in the future we plan to apply this method in a blind
search mode over the H-ATLAS maps. Thereby we will be able
to exploit the information from the other wavelengths and be able
to detect faint sources that we could be missing now.

The work done here could also be extended in the future
focusing only in the sources already confirmed. One of the
possible deeper analysis or improvements would be to repeat
the MMF execution using other SEDs different from the
Pearson et al. (2013) model. For instance, SEDs derived from
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ultraluminous dusty galaxies Arp200; SMM J2135-0102, “The
Cosmic Eyelash” at z=2.3 (Ivison et al. 2010) or H-ATLAS
J142413.9+022304 alias G15.141 at z=4.23 (Cox et al. 2011),
which are characteristic of the local submillimeter galaxies. This
procedure would show us how much the redshifts and flux den-
sities change depending on the SED used and would help us to
select sources in a more robust way. Nevertheless, we think that
the Pearson et al. (2013) model is the best model choice since it
is not a certain SED from a single source but a empirical model
based on 40 H-ATLAS sources and it has already been used in
several previous works (Eales 2015; Ivison et al. 2016; Bianchini
etal.2016,2018; Negrelloetal. 2017; Fudamoto etal. 2017; Bakx
etal. 2018; Donevski et al. 2018). This further analysis would also
allow to check whether the methodology bias observed in simula-
tions is because of the particular shape of the function employed.
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Appendix A: Selected high redshift sources

We present here two tables: the first one with the 20 first objects out of the 370 high-z H-ATLAS sources from the robust high-z
sample and the second one containing the 20 first objects out of the 237 high-z H-ATLAS sources from the 500 um-riser sample.

Table A.1. 20 first objects of the 370 high-z H-ATLAS sources that form our robust high-z sample.

No. H-ATLAS name a (deg) 6 (deg) z%’,}ffed Smmr (mJy/beam)

250 um 350 um 500 um
1 HATLAS J083051.0+013225 127.712684 1.540284 3.15+0.34 230+5 287 =7 265+ 6
2 HATLAS J083218.0+002527 128.075027 0.424236 1.08+0.26 119+7 80 +5 37 +2
3 HATLAS J083344.9+000109 128.437396  0.019282 3.16 +0.34 58 +5 72+6 67 +6
4 HATLAS J083726.1+015641 129.358797 1.944871 1.71 £ 0.27 118 +8 103 +7 61 +4
5 HATLAS J083904.5+022848 129.768948  2.480177 254 +0.30 48+7 53+7 41+6
6 HATLAS J083929.4+023536  129.872679  2.593495 1.66 +0.27 122+8 104 +7 60 +4
7 HATLAS J084010.0+014336  130.04181 1.726677 2.71+£031 40+6 46 +7 38+6
8 HATLAS J084055.2+001819  130.230288  0.305532 1.37+0.26 113+7 86+ 6 44 £ 3
9 HATLAS J084306.5+012342  130.777236  1.395141 3.15+0.34 45+5 56 +7 51+6
10 HATLAS J084615.9+012004 131.566339 1.334708 149 +£027 114+6 91 £5 49+ 3
11 HATLAS J084641.1+002738 131.671655 0.460763 242+030 54+5 59+6 44 + 4
12 HATLAS J084658.7+021112 131.744841  2.186738 0.99 +0.27 205+ 8 132+5 59+2
13 HATLAS J084723.8+015430 131.849524 1.908484 234 +030 58«7 61 +7 45+ 5
14  HATLAS J084740.8+002421 131.920354 0.405969 1.85+0.28 56+6 51+6 32+3
15  HATLAS J084859.1-015438 132.246479 -1.910578 291 +0.32 64+4 77 +4 66 + 4
16 HATLAS J085015.2+005658 132.563354  0.949446 237 +030 83+7 89 +7 65+5
17 HATLAS J085034.0+003231 132.641952  0.541958 2.82+032 46+6 54+7 45+ 6
18  HATLAS J085111.7+004934  132.79885 0.826131 1.77+0.27 115+6 103 +6 61+3
19 HATLAS J085133.1+014940 132.888113 1.828026 258 +0.31 43+6 48 +7 38+5
20  HATLAS J085144.1+014214 132.933947  1.703908 1.35+026 129+9 98 +7 50+3

Notes. The full table is available at the CDS.

Table A.2. 20 first objects of the 237 high-z H-ATLAS sources that form our 500 ym-riser sample.

No. H-ATLAS name @ (deg) § (deg) Zynbiased Symr (mJy/beam)

250 um 350 um 500 um
1 HATLAS J083359.4+005008 128.497828  0.835735 3.81 +0.37 22+4 31+6 33+6
2 HATLAS J083436.7+012907 128.653175  1.485354 4.41+039 17+3 28+5 33+6
3 HATLAS J083700.1+013111  129.250571  1.519785 6.03+0.34 142 39+5 60 + 7
4 HATLAS J084116.1+002619  130.317356  0.438641 5.01 040 15+3 29+5 37+7
5 HATLAS J084213.4-000531  130.556008 —0.091959 3.76 +0.37 26+5 36 + 6 38+7
6 HATLAS J084644.6+002352  131.686002  0.397871 3.96+0.38 18 +4 26+ 5 28+6
7 HATLAS J085340.9+024044  133.420602  2.679046 5.14+0.39 13 +2 26+5 35+7
8 HATLAS J085534.2+005258  133.892785  0.882992 529 +0.39 12+2 26+5 35+7
9 HATLAS J090029.8+001653  135.12445  0.281402 5.17+0.39 112 2 +4 29+5
10 HATLAS J090045.5+004131 135.189985  0.69217 6.35+0.30 8=+1 25+4 40+ 6
11 HATLAS J090304.5-004616  135.769163 —0.771248 6.35+030 7+1 23+ 4 37+6
12 HATLAS J090329.6+000753 135.873578  0.131548 4.89+0.40 18+3 33+5 43+6
13 HATLAS J090540.0+020347 136.417044  2.063127 3.65+036 32+5 44 +7 45 +7
14  HATLAS J090908.6-010140  137.286131 —1.027792 4.33+0.39 20+4 31+6 36+ 7
15  HATLAS J091019.4+011755 137.581142  1.298769 4.04+0.38 16+3 24 + 4 26+ 5
16  HATLAS J091025.9+002116  137.60821  0.354684 4.34+039 16+3 25+5 29+5
17  HATLAS J091617.1+010036  139.071573  1.010031 4.97 +0.40 14+3 26+ 5 34+ 6
18  HATLAS J091733.4+005054 139.389273  0.848382 4.34+0.39 21+3 33+5 39+ 6
19 HATLAS J091902.6-003905  139.760959 —0.651409 5.80+0.36 8+2 21+4 31+6
20  HATLAS J092215.4+002920 140.564326  0.489096 3.93 +0.38 22+4 32+6 35+7

Notes. The full table is available at the CDS.
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Appendix B: Postage stamps of candidate lensed galaxies

We show here the postage stamps of the 40 candidate lensed galaxies selected after cross-matching the robust high-z subsample of
283 high-z candidates with a sample of known-low redshift galaxies from SDSS DR14.

J083726.1+015641 1085229.0+010217 J085250.9-010000

J085855.4+013729 J090038.0-003522

J091331.4-003644 J092348.4+011907 J114512.9-002446

J115101.7-020024 J115819.5-000127 J120656.4+012641

J120932.7+002517 J125233.5+331031 J130138.7+302808

Fig. B.1. SDSS images (47 x 47 arcsec?) of part of the 40 associations found between the robust high-z subsample of 283 high-z candidates and
sample of 1776 242 known-low-redshift galaxies from SDSS DR14. H-ATLAS sources and SDSS associations are marked with a pink and a green
square, respectively. Einstein rings according to the Einstein radii estimated in Table 4 are drawn as red circles.
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J130152.8+245012

J131635.1+332406

J132355.2+282319

J134429.5+303034
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J131407.0+271208

J131715.6+322643

J132453.6+244909

J133806.8+351530

J134853.0+270011

J131533.9+233254

J132111.2+265009

J133020.9+240249

J134324.5+240202

J141351.9-000026

Fig. B.2. SDSS images (47 x 47 arcsec?) of part of the 40 associations found between the robust high-z subsample of 283 high-z candidates and
sample of 1776 242 known-low-redshift galaxies from SDSS DR14. H-ATLAS sources and SDSS associations are marked with a pink and a green
square, respectively. Einstein rings according to the Einstein radii estimated in Table 4 are drawn as red circles.
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J141550.4+012750 J141605.5+011828 J141827.4-001703

J141832.9+010212 J142008.9-001434

1142233.9+023413

J143358.4-012718 J143845.8+013503

1145420.6-005203

J145653.4-000720

Fig. B.3. SDSS images (47 x 47 arcsec?) of part of the 40 associations found between the robust high-z subsample of 283 high-z candidates and
sample of 1776 242 known-low-redshift galaxies from SDSS DR14. H-ATLAS sources and SDSS associations are marked with a pink and a green

square, respectively. The object J145420.6—005203 is identified as a QSO in the H-ATLAS catalog. Einstein rings according to the Einstein radii
estimated in Table 4 are drawn as red circles.
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